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Troposohericozoneis not emitted,but is formedin theatmos-
pherethroughacomplex,nonlinearprocessinvolving volatile
organic compounds(VOCs), oñdesof nitrogen(NO and NO2,
with the sum denotedas NO..), and sunlight. Anthropogenic
emissionshaveled to urban ozonelevelsfar exceedingthose
believed to be safe for human health and the environment.
Although greatefforts havebeenmadeto reduceurbanozone
levels,concentrationsremainhigh. However,apromisingnew
techniquefor usein the developmentof ozonecontrol strate-
giesis emerging.Thistechniqueis basedonaccountingfor the
ozone-formingpotential,termedreacti’~ity,ofindividualVOCs.
This techniquehelps to identify the most reactiveemission
sourcesand aids in targetingspecific VOCs for reduction.
Reactivity-basedemissions reduction is most effective in
highly polluted, NO..-rich urbanareasand shouldoften be
appliedin conjunctionwith reductionof NO~emissions.NO
emissionsreduction is the optimum ozone control strategy
for areaswhereozoneformation is limited by the availability
of NO...

The following sectionspresentthis control strategytech-
niqueby first discussingthebackgroundof troposphericozone,
includingozoneandits effects,andthehistoryof ozonetrends
andregulationin the United States.Next, the chemistryof
ozoneformationis presented,followed by discussionsofthesci-
entifiebasisandpolicyimplicationsInVOC reactMtyquantifi-
cation,of uncertaintiesin VOC reactivity quantificationand
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issuesin regulatoryapplication,and,finally, of ozonereduc-

tion throughVOC reactivity-basedcontrolstrategies.

OZONEAND ITS EFFECTS

Ozone(Os)isahighly reactivetrimericstateof oxygenthatoc-
cursnaturallyin theearth’satmosphere.Ozoneis notdirectly
emitted,but is formed throughreactionsof VOCs andNO~in
thepresenceof sunlight.In thestratosphere,ozoneservesthe
important function of bloc~ngthe earthfrom harmful 1311
radiation.In thetroposphere,it behavesas ahighly reactive
oxidant. Ozone concentrationsbetween10 and 40 parts per
billion (ppb) occur naturally in a cleantropospherethrough
both stratosphericinjection and chemical reactionsof NO~
with biogenicorganiccompounds.(Partsperbillion (or parts
permillion) oftenrepresentsconcentrationdefinedasa mizing
ratio (ie, ppb or ppmby volume)).However,in pollutedurban
areas,ozoneconcentrationsoftenreachbetween100 and300
ppb (1), with some severelyaffectedareasexperiencingeven
higherlevels.Ozoneandits precursorscanbetransportedover
largeregions.Elevatedozoneconcentrationsare believedto
be responsiblefor a wide rangeof adverseenvironmentaland
healthimpacts.

Determinationof the impacts of exacerbatedozonelevels
is complicatedby variability in exposureandby interactions
betweenozoneandotherair pollutantssuchas sulfur dioxide
(SO2) and particulate matter (PM). However, a large body
of researchresultsgives the strong indicationthat ozoneis
responsiblefor damageto humanhealth,crops, andnatural
vegetation. In addition, troposphericozoneis a greenhouse
gas,whichcontributestoglobalclimatechange(2,3).

Ozoneis believedto beresponsiblefor acuteandchronicim-
pactson humanhealth,especiallyon lung functions,asthma
exacerbations,and clinic visits andhospital admissionsfor
respiratorydiseases.Humanhealthimpactsare the primary
considerationin air quality standards,which are basedon
effects on sensitive populations.The most sensitive popu-
lationsto ozoneare children and peoplewith a preexisting
respiratorydiseasesuch as asthma(4). Peoplewho exercise
or work outdoors are also consideredto be at specialrisk
becauseof the combinedeffectof outdoorexposureandphysi-
cal exertion, which increasesthe amount of ozone inhaled
andthe depth of its penetrationinto the lungs, and thereby
susceptibilitytoozone(2,5).However,muchevidenceindicates
thatozonecanadverselyaffecttherespiratorysystemsof any
individual dependingon the conditionsof exposure(6). Major
acute(short-term)effectsof ozonearedecreasedlungfunction
and increasedsusceptibility to respiratoryproblemssuch as
asthmaattacks and pulmonaryinfection. Short-termexpo-
sure can also causeeye irritation, coughing, and breathing
discomfort(5—7). Evidenceof acuteeffectsof ozoneis believed
to beclearandcompelling(8).

Chronic (long-term) health effects may presenta poten-
tially far more,seriousproblem; however,definitive evidence
is difficult to obtain becauseof uncertaintiesassociatedin ex-
axnininghumanpopulations(becauseof variablesin exposure
and behaviors), as well as uncertaintiesin the extrapola-
tion of animal toxicology experimentsto humans.Recent
controlled-exposurehumanstudiesdemonstratethat ambient
levels of ozoneinduceinflanmation inhumanlungs,which is
generallyacceptedas aprecursorto irreversiblelung damage
(6). Also, chronic animal exposurestudiesat concentrations

within currentambientpeaklevels indicate progressiveand
persistentlungfunctionandstructuralabnormalities(5,8).

Cropdamagecausedby air pollutionhasalsoreceivedmuch
attention.It is estimatedthat10—35%oftheworld’s grainpro-
ductionoccursin regionswhereozonepollution likely reduces
cropyields (9). Air pollution accountsfor anestimatedseveral
billion dollar crop losseveryyearin theUnited Statesalone,
andresearchandanalysissuggeststhat about90% ofthiscrop
losscanbedirectly or indirectly attributedto ozone(10). Evi-
dencealsoindicatesthatozonemaycauseshort-andlong-term
damageto thegrowthofforesttrees(11),aswell asalteringthe
biogenichydrocarbonemissionsofvegetation(12). Preliminary
researchis also addressingozoneeffects on sensitivewildlife
populations,suchasamphibians;however,therearenoconclu-
sionstodate.

Permissiblelevels of ozonein the United Statesare speci-
fied in a NationalAmbient Air Quality Standard(NAAQS).
The primarystandardis basedon humanhealtheffects, and
is currentlya 1-houravengeconcentrationof 120 ppb, notto
beexceededmorethanonceperyear.From1991—1993,an es-
timated 60 million individuals in the United States(24% of
theU.S.population)residedin areasthatviolatedthisNAAQS
(4). Although this representsan improvementover the esti-
mated112 million individualsexposedin 1986—1988(7),ozone
remainsa serioushealthrisk. Many urbanareasoutsideof
the United Statesalso often experienceozonelevelsfar ex-
ceedingthecurrentU.S.NAAQS.Additionally, manyscientists
stronglybelievethe current U.S. NAAQS does not contain a
sufficient marginof safetyto protecthumanhealth(5,7,13).
TheU.S.EnvironmentalProtectionAgency(EPA)hasproposed
a revisedozoneNAAQS (U.S. EPA, OzoneA-95-58)basedon
a maximum80 ppb averageconcentrationover an 8-hourpe-
riod. As proposed,the three-yearavengeof the annualthird
highestdaily maximumconcentrationmustnotexceedthe80-
ppblimit. Final actionon this proposedNAAQS revisioftis ex-
pectedduringJuly1997.

No matter what level of ozone is eventuallydeemedac-
ceptable,theemissionsreductionsrequiredwill be difficult to
identify andcostlyto implement.Greatefforts havebeenmade
in the UnitedStatesduringthe past40 yearsto reduceurban
ozone,but theseefforts havebeenless than fully successful.
Any controlstrategythatcanfocusemissionsreductionefforts
will helpin meetingtheair qualitygoals,andquantificationof
VOC reactivityis proving to beaverypromisingtechniquefor
refiningurbanozonecontrol strategies.

HISTORY OF OZONE REGULATION IN THE UNITED STATES

The history of ozoneregulationin the United Statesis high-
lighted by year andeventin Table1.’ In 1963, the CleanAir
Act (CLA.) becamethe first modemenvironmentallaw to be
enactedby the US Congress.Major amendmentswere made
to the 1963 original legislation in 1970, 1977,and1990. The
CAA establishesthe federal/staterelationshipthat requires
theER~to developuniform nationalambientairqualitystan-
dards(NAAQS) andempowersthestatesto implementanden-
forceregulationsto attainthem.

In the CAA amendmentsof 1970,Congressseta deadlineof
1975for meetingtheNAAQS for ozone.However,in 1977,two
yearsafter the deadline,many areasthroughoutthecountry
werestill not in attainmentof the,ozone standard.The 1977
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Table1. History of OzoneRegulationin theUnited States’~

Year Event

1943 The first recognizedepisodeof smogoccursin Los
Angeleson Sept.8. Peoplereportsmartingeyes,
respiratorydiscomfort,nausea,andvomiting.

1945 World War E ends.Urban sprawlbeginsto takeroot in
muchof theUnitedStates.

1950 More than 100 electrictransitsystemsarereplacedwith
busesin 45 Us cities, including Los Angeles.

1952 Dr. £ Eagen-Smitdiscoversthenatureand causesof
photochemicalsmog.

1955 TheAir Pollution ControlAct is passed.
1960 The Motor VehicleAct is enacted.It requiresresearchto

addresspollution from motorvehicles.
1963 The first CleanAir Act is passed.TheAct empowersthe

Secretaryof Health,Education,andWelfareto define
air quality criteria basedonscientific studiesand
providesgrantsto stateandlocal air pollution control
agencies.

Major automobilemanufacturersinstall the first
crankcasecontroldeviceson 1963 modelyearcars.

1964 Chryslerreceivesapprovalfor anexhaustcontrolsystem.
1965 TheCAA is amendedby theMotor VehicleAir Pollution

ControlAct, It providesfor directregulationof air
pollution.

1967 TheAir Quality Act is enacted.It establishesframework
for defining air quality controlregionsbasedon
meteoroiogicalandtopographicalfactors.

1970 TheU.S. EPA is created.The CAA Amendmentsare
enactedandserveastheprincipalsourceof statutory
authorityfor controlling air pollution.

1973. U.S. EPA establishesNAAQS.
1975 First two-waycatalyticconverterscomeinto use.
1976 Volvo introducesthefirst three-waycatalytic converterto

controlhydrocarbons,NO,,, andcarbonmonoxide
emissionsfrom 1977modelyearcars.

1977 The CleanAir Act Amendmentsareenactedandrequire
reviewof all NAAQS by 1980.

1990 More CAA Amendmentsareenacted.Newprogramsare
establishedto controlurbanozone,rural acidrain,
stratosphericozonedepletion,toxic air pollutants,~d
vehicleemissions.

1995 Reformulatedgasolinecomesto market.
1996 The bigsevenautomakerscommitto manufactureand

sell zero-emissionvehicles.

a AdaptedfromRef 15.

amendmentsto the C~ delayedcomplianceuntil 1982, and
areasthat demonstratedthat they couldnot meet the 1982
deadlinereceivedextensionsuntil 1987.In 1990, threeyears
afterthefinal deadline,morethan133million Americanswere
living in 96 areasthat had not met the NAAQS during the
previousyear (14). In Los Angeles,for example,peakozone
levelswere175%abovetheNAAQS.

The latest amendmentsto the CA.A, adopted in 1990,
classify nonattainmentareasaccordingto the degreeof non-
compliancewith the NAAQS. The regions are classified as
extreme, severe, moderate,or marginal, dependingon the
area’s ozone design value. Ozone design values are ozone
concentrations that are statistically determined from air
quality measurementsfor eacharea-If monitoring for an area
is complete, the design value is the fourth highest monitor
readingtakenduring the past threeyears. Only oneareais

classifiedasextreme,theSouthCoastAir Basin(Los Angeles
andsurroundingcommunities),andit has20 yearsfrom 1990
to attain the NAAQS. The severeareasare in four major
areasof the nation:the NortheastCorridor (wbich extends
from Washington,DC, to Maine); the Chicagoarea,including
downwind areas in Wisconsin and Michigan; the greater
Houstonarea,andSan Diego.Theseareashave17 yearsto
reachattainmentoftheozonestandard.

The State ImplementationPlan (Sm) is the technical
and regulatory processfor demonstratingattainmentand
maintenanceof the requirementsof the NAAQS. SWs must
beadoptedby localandstategovernmentsandthenapproved
by EP& Onceapprovedby EPA, the planis legally enforceable
understateandfederallaw, whichmakestheS~apowerful
tool for achievingtheNAAQS.

VOCsandNo.emittedfrommotorvehicles,localindustries,
andadditionalsourcesaretheprimary causeof excessivelev-
els of ozone. Except in California, most S~Shave relied
entirely on VOC control to attain the NAAQS, allowing NO,,
emissionsto remainthe sameor to increasewith population
andindustrial growth.Despiteconsiderableresourceinvest-
ment by industrysincethepromulgationof theNAAQS,most
large cities do not meet the ozonestandard.Various new di-
rections are being exploredto find more effective control
strategied.One path, controlling NO,, emissionsinstead of
VOC emissions,appearsto bemosteffectivefor regionaltrans-
port problems,in rural areas,andin urbanareaswith high
VOC to NO,, ratios(eg, regionswith largeemissionsofbicgenic
VOC). However, in the largesturban areaswith the worst
ozoneproblems,reductionsof VOC areeffective. In recogni-
tion of California’s successin reducingozonelevels through
a policy of reducingbothVOC and NO,, emissions,the 1990
amendmentsto the CAA allow states(with EPAguidanceand
approval) to supplementor replaceVOC controlswith NO,,
controls if a benefitcanbedemonstrated.Estimatesofcontrol
costsneededto attaintheozoneNAAQS areon the orderofbil-
lions of dollarsperyear.In themostseverelyaffectedregions
of theUnitedStates(LosAngeles,for example),the necessary
control technologieshavenotbeenidentifiedcompletely(16).

PastVOC regulationsimplicitly assumedthat all tons of
emissionsproduceequivalentamountsof ozone in the urban
atmosphere.However,ozone-formingpotentialsof VOCs can
vary significantly. Among almost300 organicspeciesidenti-
fled in the urbanatmosphere,somespecies,suchas alkenes,
mostaromaticVOCs, andaldehydes,canleadto an orderof
magnitudegreaterozoneformationthanequivalentamounts
of otherVOCs, suchasalkanes,benzene,alcohols,andethers.
Suchdisparitiesin emissionsimpactshavetremendousimpli-
cationsasNAAQS nonattainmentareasconsiderstrategiesto
tightenVOC controls.Suchstrategiesincludereformulationof
surfacecoatingsandtransportationfuels,regulationof con-
sumerproducts,and developmentof VOC emissionstrading
programs.To aid in understandingsomeof thedifficulties in
identifyingeffectiveemissionsreductionsfor ozonecontrol,the
followingsectiondiscussestheprocessof ozoneformation,and
the toolsusedtopredicthowchangesin emissionsaffectozone.

PROCESSAND PREDICTION OF OZONE FORMATION

Chemistryof Ozoneformation

Ozoneformation in thetroposphereresultsfrom complexinter-
actionsamongNO,, andVOCs(1,2).Apart fromremoteregions,
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wherethe in situ troposphericchemicalgenerationof ozone
is drivenessentiallyby methane(17), a relatively largenum-
berof VOCs participateinozonegeneration.Measurementsof
nonmethaneorganiccompoundsin the SouthCoastAir Basin
of California duringthe 1987 SouthernCalifornia Air Quality
Study,for example,revealedmorethan 280 hydrocarbonand
oxygenatedorganicspecies,manyof which contributeto some
degreeto ozonegeneration(18).

Although VOCs impacttheformationof ozone,theydo not
directlycreateit. As explainedin more detail subsequently,
ozoneis producedanddestroyedin a reactioncycle WitIINO,,
that is driven by sunlight, andVOCs caninterferewith the
ozonedestructionreactionsin this cycle. VOCs react in a
numberof differentways;however,thedominanttropospheric
reactionsfor VOCs arewith thehydroxyl (OH) radical.These
VOC—OH reactions often lead to the conversionof NO to NO2
without the useof an ozonemolecule.Additionally, individual
VOCs follow different reaction pathways, and therefore vary
widely in their ozone-forming capability. As discussedlater,
smogchamberexperimentscarried out with a seriesof single
hydrocarbonsirradiated in thepresenceof NO,, clearly indicate
differences in ozoneformation from individual hydrocarbons.
Hydrocarbons do not occursingly in the atmosphere,however,
and the ozone-forming potential of an individual VOC will de-
pend on the characteristicsof thecomplexmixture of which it
is a part, including the NO,, level and the otherVOCs that are
present. For example, Table 2 showsthe percentageof ozone
production attributable to a number of VOCs under various
VOC-to-NO,, ratios, representing different urban atmospheric
conditions, as calculatedusing a single-cell air quality model
(19). As seenin this table, not oniy do the VOCs havevarying
ozoneforming potentials, but this potential varies with back-
ground VOC-to-NO,, ratios.

The only significant processforming 03 in the lower atinos-
phere is thephotolysisofNO2 (reaction with sunlight), followed
by the rapid reaction of the oxygenatomsformed with 02.

NO2 + hv — O(3P) + NO

O(~P)+ 02 + M — 03 + M

This is reversedby the rapid reactionof O~with NO:

0~+ NO — NO -~- 0~

This cycle results in 0~being in a photostationary state
(in which concentrations depend on the amount of sunlight
available) dictated by the NO2 photolysis rate (k1) and the
[NO2]/INO] ratio.

1 k1[NO2][°sisteady-state= h2[N0]

Becauseofthis NO,,-dependentphotostationary state,ozone
levels generally rise and fall with the sun, behavior that is
referred to asdiurnal.

If the above NO,, cycle were the only chemical processat
work, the steady-stateconcentrations of ozonewould be rela-
tively low. However,whenVOCs are present,they react to form
radicals that either consumeNO or convert NO to NO2, which,
becauseof the photostationary staterelationship describedby
equations 1 and 2, causes03 concentrationsto increase.VOCs
are emitted by both biogenic and anthropogenic sources.Al-

Table2. Percentageof OzoneProductionAttributableto each
Organica

Organic

VOC/NO,,, ppb C/ppb
VOC in

Emissions,%4 8.2 20

Carbon mononide 4.7 5.9 5 34.9
Methane 0.5 0.8 0.8

AldehydesandKetones
39.5

Formaldehyde 1.8 12 1.3 0.2
Acetaldehyde 1.3 1 0.9 0.1
Propionaldehyde 0.4 0.3 0.3 0.04

andlumped
higher
aidehydes

Methylethyl ketone 0.6 OS 0.5 0.4
andlumped
higherketones

Lowerlumped
Alkanes

11.1 16.7 16.7 8.2
alkanes

Higherlumped 12.6 16.3 17.2 5.5
aliases

Lower lumped
Aromatics

5.6 5.5 5.3 3.4
aromatics

Higherlumped 17.7 12.8 12.9 2.5
aromatics

Ethene
Lumpedhigher

Alkenes
10.8 12.3 11.8
13 11.5 11.9

1.7
1.4

alkenes1
Lumpedhigher 6.8 5.4 5-3 0.7

alkenes2
Lumpedhigher 12.8 . 9.6 10.2 1.5

alkenes3
Totalpeakozone 58 378 303 NA

(ppb) e

‘Ref. 19.

(3)

(1) though many types of reactions are involved (1,2,20,21),for
mostVOCs the major processescanbe summarizedasfollows:

VOC + OH — RO2 + products

(2) RO2 + àNO —. $NO2 + radicals
radicals — 7OH + products (4)

Destruction of NO and production of NO2 and OH radicals
(a, $, and y,• respectively),andhencethe rate of ozoneincrease
causedby theseprocesses,are dependenton the rate constant
of the VOC initial reaction, on the amounts of VOCs present,
the levelof OH radicals and other specieswith which the VOCs
might react, and ambient conditions.Ozoneproduction contin-
ues as long as sufficient NO,, is present so that reactions of
peroxy radicals (RO2) with NO competeeffectively with their
reactionswith other perory radicals.

Note that the OH radical levelsare particularly important
in affecting the O~formation rate in the presenceof NO,, be-
causereactionwith OH is a major (andin manycasesthe only)
processthat causesmost VOCs to react. Thus, if a VOC re-
actsin such a way that it initiates radical levels (or forms a
product that does),it would enhancethe rate of ozoneforma-
tion from all VOCs present. This would result in a larger ef-
fect on 03 than other VOCs that react at the samerate. If the
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VOC reactionsin the presenceof NO,, havea radicaltermina-
tion process,it will causeall otherVOCs to reactmoreslowly
andform less03- In somecases,thisreducedO~formationfrom
otherVOCs maybemorethanenoughto countertheozonefor-
mationfrom theITOC directreactions.In suchcasestheVOC
wouldhaveanegativeeffecton theformationof O~in thepres-
enceofNQ (22,23).

Although an OH reaction is the major atmosphericloss
processfor most VOCs, someVOCs arealso consumedto a
nonnegligibleextentby reactionwith 0~or NO3 or by direct
photolysis.in mostcases,theseprocesseswill also form R02
radicals,which convertNO to NO2.In addition,andperhaps
moresignificantly, many of theseprocessesinitiate the for-
mation of new radicals,which ultimately causehigher OH
radical levels andthus higherratesof reactionsof the other
VOCs presentThis is particularly significant in the caseof
compoundsthat can photolyze, becausephotolysis reactions
are the main sourcesof radicals in photochemicalsmog.For
example,it is becauseof photolysis that formaldehydehasa
muchlargereffecton ozonethanonewould estimatebasedon
its OH rateconstantalone.

OzoneformationstopsonceNO.. is consumedto sufficiently
low levels. BecausetheNO- + OH rateconstantexceedsthat
of most hydrocarbon+ OH rate constants,and becausethe
NO,, removalprocessesgenerallyinvolve a singlestep (such
as thereactionof OHwith NO2),whereasmostVOC reactions
form productswhich arealso reactiveVOCs, NO,, is removed
from theatmospheremorerapidlythanVOCs.Therefore,NO,,
availability ultimately limits O~formation. If the NO,, levels
are high enoughthat it is not consumedbeforethe end of
the day,then it is mainly therateof the VOC reactions,and
their effectson OH radicals,which affect ozonelevels.Indeed,
high levels of NO: inhibit O~becausereactionof OH with
NO2 reducesOH levels. If, however,NO: is consumedbefore
the end of the day, 03 is N0,,-limited, and increasingNO,,
would causeincreasedO~formation.Undersuch conditions,
if VOC reactionscausedNO: to beremovedmorerapidly than
if theVOC were absent(eg, by forming nitrogen-containing
productssuch as PAN from aldehydesandnifrophenolsfrom
aromatics),thiswould haveanegativeeffecton 03 yields,and
tendto reducetheamountof 03 formationcausedby theVOCs
reactions.Underhighly NO,,-liniited scenarios,this becomes
sufficiently important to causeVOCs with significant NO,,
sinks in their mechanismsto havenegativeeffectson final 03
yields, evenfor thosethatmay havehighly positiveeffectson
03 underconditionswhereNO,, is plentiful.

Anotherfactoraffecting the behaviorofVOCs andNO,, in
ozoneformation iscompetitionfor thehydroxyl radical.When
theinstantaneousVOC-to-N02ratio is sufficiently low, OH re-
actspredominantlywith NO2, removingradicalsand retard-
ingozonefbrmation.Undertheseconditions,adecreaseinNO,,
concentrationfavorsozoneformation.At a sufficientlylow con-
centrationof NO,,, or a sufficiently highVOC-to-N02ratio, a
furtherdecreasein NO: favorsperoxy—peroxyreactions,which
retardozoneformationby removingfreeradicalsfrom thesys-
tem.Although, in general,higherVOC concentrationsmean
more ozone,increasingNO: may lead to eithermore or less
ozonedependingon the prevailingVOC-to-NO,,ratio.As a re-
sult,therateof ozoneproductionisnot simply proportionalto
theamountof NO,, present;at agivenlevel ofVOC, thereex-
istanNO,,concentrationat whichamasiniunamountofozone
is produced,or anoptimumVOC-to-N0 ratio.By usinganav-

erageVOC—OH reactionrateconstant,representingreactions
occurringin anaverageurbanmix of VOCs, the ratio of the
OH-NO, to OH-VOC rateconstantsis about5.5. Thus,this
optimum VOC-to-NO,,ratio is appro~mately5.5:1 for an av-
erageurbanarea,with the VOC concentrationexpressedon
a carbonatombasis.Forratios less thanthis optimum ratio,
NO: increasesleadtoozonedecreases,whereasatratioshigher
thanthis optimumratio,NO,,increasesleadto ozoneincreases.

VOC-to-NO,,ratios sufficiently low to retardozoneforma-
tion fromthat at theoptimumratio canoccurin centralcities
with NO~sourcesand in plumes immediately downwind of
NO: sources.Ruralenvironmentstendto becharacterizedby
fairly high VOC-to-NO,,ratios becauseof the relativelyrapid
removalof NO,, from non-localsourcesas comparedto that
ofVOCs (coupledwith the usualabsenceof stronglocal NO,,
sources).Indeed,in mostof the troposphere,exceptin areas
ofstrongsourcesofNO,,, theavailability of NO,,governsozone
production.

The previouslydescribeddependenceof 0sproductionon
theinitial amountsofVOC andNO,, is frequentlyrepresented
by meansof an ozoneisoplethdiagram. An exampleof such
a diagramis shown on the top portionof Figure 1. The di-
agram is a contourplot of maximum ozone concentrations
achievedoverafixedtimeof irradiationasafunctionofinitial
VOC andNO: concentrations.The diagramis generatedby
contourplotting the predictedozonemaxima obtained from
a large numberof air quality model simulations with an
atmosphericVOC-NO,, chemical mechanism.Initial cOncen-
trations of VOC and NO,, are varied;all other variablesare
held constant.(Air quality modelsandchemical mechanisms
are bothdiscussedin moredetail in the following sections.)
Noticethat thereis a ridge along acertainVOC-to-NO,,ratio
wherethe highestozoneconcentrationsoccur at given VOC
levels. This is the optimum VOC-to-NO,, ratio mentioned
previously.

Crosssectionsoftheisoplethplotsareshownon thebottom
plotson Figure 1-Theseplotsalsoshowthederivativesofozone
formationwith respectto initial VOC levels(thatis, how much
theozonechangeswhentheinitial VOC levelsareincreasedby
a givenamount).Thisprovidesa measureof thesensitivityof
ozoneformationto changesin VOC emissions,and ameasure
ofVOC reactivity,asdiscussedinmoredetailsubsequently.No-
tice that ozonelevelsmonotcn.icallyincreaseasVOC increases
(bottom-rightplot), butasdiscussed,thereis anoptimumNO,,
level for ozoneformationin thepresenceof a given amountof
VOC (bottom-leftplot). LowerO~is formedat highNO,,because
ofthe competitionfor OH radicals,andlower03is also formed
at low Na because03 becomesNO,,-limited.The sensitivityof
ozoneto VOCs hasapeakvalue at a given VOC-to-NO,,ratio
regardlessof whetherVOC or NO,, arevaried,indicatingthat
thereisa certainratiowhereozoneis mostsensitivetochanges
inVOC emissions.Notethat theVOC-to-NO,,ratio whereozone
is mostsensitivetoVOC emissionsis lower thantheratio that
is optimumfor ozoneformation.This is shownmostclearlyon
thebottom-leftplot onFigure 1, wherethepeakfor theplot of
thechangein ozonewith a changein VOC (d[03]/d[VOCI) oc-
cursatahigherNO,,level(lowerVOC-to-NO,,ratio)thantheplot
ofthe amountof ozoneformed([O~l).TheVOC andNO,, condi-
tionsthataremostfhvorahleforpeakozoneformation(themax-
imum [0~D,andthosethataremostsensitivetochangesinVOC
emissions(themaximumd[O~lfdWOCD,arereferredto asmax-
imum ozonereactivity (MOR), andas maximumincremental
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Constantozoneisopleths
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reactivity (MIR) conditions, respectively.Discussedsubse-
quently, this conceptis useful for developingVOC reactivity
scales.

From this analysiswe seethat NO,, conditionsare a major
factor determiningthe impact of VOC emissionson ozone.
However, otherconditionswill also affect VOC reactivity, by
affectinghow rapidly NO,,is removed,by affectingoverallradi-
cal levels (andthushow rapidly NO,, andVOCs react), andby
affecting other factors determiningthe efficiency of ozone
formation.ThisresultsinvariationsofVOCreactivitiesamong
different airshedconditions, even those with similar NO,,
levels. Theseissuesare discussedin more detail in a later
section.

Air Quality Models

Air qualitymodels,also calledairshedmodels,arecomputer-
ized representationsof the atmosphericprocessesresponsible
for air pollution,which includesozoneformation.Thesemod-
elsareessentialto evaluatingcontrolstrategiesaimedatreduc-
ing pollution to meetair qualitygoals.Figure 2 is a schematic
showinghow air qualitymodelingis usedfor evaluationof con-
trol strategies.Forpollutants that areemitteddirectly, such
as carbonmonoxide,the modelsare primarily useful for pre-
dictinghow thepoUutantsaredistributedoncetheyareemit-
ted,andhow rapidly they disperse.If the pollutant is formed
in theatmosphereratherthanbeingemitteddirectly, asis the
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Figure 1. Dependencesof peakozone and d(O3]/d[VOCI on VOC and NO,,; MOB,
maximum ozone reactivity, also referred to as maximum ozone incremental
reactivity (MOm); Mm, maximumincrementalreactivity. One day maximum ozone
concentrationscalculatedin a one-daybox model simulation using the “averaged
conditions”scenarioof(23)andtheSAPRC-93chemicalmechanism.
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casefor ozone, the model must predict the distribution and
transportof theprecursors,thespeedwithwhich thepollutant
is formed from its precursors,its resultingdistribution and
transportonceformed,andtheeffectof removalprocesses.For
suchpollutants,air qualitymodelsprovidethe only practical
means available to examinepotential emissionsreduction
impactson pollutantdistributionsbeforeactuallyapplyingany
controls.In this way, an understandingof the atmosphere’s
chemistry and meteorologyis combined with estimatesof
sourceemissionsto predictpossiblecontrol strategyeffects.
Air qualitymodels arealso an importanttool in gainingin-
derstandihgaboutthe behaviorof various compoundsin the
a~osohere,suchasthereactivityofVOCs.

Air qualitymodelssimulatetheatmospherebymatheinati-
cally representingemissions;initial andboundaryconcentra-
tionsofchemicalspecies;thechemicalreactionsof theemitted
speciesandof their products;and the local meteorologysuch
assunlight,wind, andtemperature.The modelsvarygreatly
in complexity,andthusin the amountof inputdataandcoin-
putationalresourcestheyrequire.A numberof processescan
be parameterizedin air quality mcdeis,including the inven-
toryofemissionsfrom all sources,gasandaqueousphasechem-
istry,transport,mixing,deposition,andscavengingLocalcon-
ditionssuchasterrain andcloudcovermayalsobesimulated.
Thechemistry,transport,anddepositionof thecompoundsare
discretizedusinganequationsuchastheadvection—dispersion
reactionequationshowninequation5(1):

3c~/3t+ V (Uc~)=V - (EVe1) + S;[t]

÷R
1

[c
1

,e
2

c~T,tl

Here,ac1iatis thechangeinconcentratione of speciesi with
time t,Uc~representsadvection,KVc~representsturbulentdif-
fusion,S~representsemissions(sources)of compound4 andB1
is thechemicalreactionsfor speciesc1throughc~for timet and

temperature2’. Depositionis representedthroughadvectionout
ofthecell.

To date,model simulationsofozoneformationandVOC re-
activity studieshavebeenperformedusingtwo typesof tropo-
sphericair qualitymodels—single-cellLagrangianmodelsand
three-dimensionalEulerianmodels.Table3 lists examplesof
suchmodels.

The single-cellLagrangianmodels,often called trajectory
or boxmodels,representthepollutedatmospherebyadiscrete
air parcelthat moves over the air basin andreceivesemis-
sions,whichthenreactina singlewell-mixedparcel.Although
single-cellmodels oversimplify transport and diffusion and
provide limited information on spatialvariability, they can
representchemical transformationsin as greatdetail as is
known.Additionally, becauseof theirlow inputdataandcom-
putationalrequirements,single-cell modelsare practical for
performingthelargenumberofsimulationsrequiredfor formal
sensitivityanalysis.Although thesemodelscannotrepresent
any particularpollution episodewith greatdetail, andhave
significantuncertaintiesin their representationof chemistry,
an appropriateset of single-cellmodel scenariosis effective
for assessing~VOCreactivityunderawide rangeof conditions.
Forthis reason,thereactivityscalespecifiedby theCalifornia
Air ResourcesBoard(CARE) in the California Low Emission
VehiclesandCleanFuels(CA LEV/CF) Regulations(24) was
developedusing a single-cell model (see subsequentdiscus-
sion).To testhow well thescalespredictreactivityin aspecific
airshed,and to examinethe spatialandtemporalaspectsof
VOC reactivity, the morephysically detailedEulerianmodels
mustalsobeapplied.Resultsofsuchtestsarealsodiscussedin
alatersection.

Three-dimensionalEulerian models, also called grid or
airshedmodels,divide anair massinto multiple vertical and
horizontal cells where the chemical reactions and (where

Air quality goals Air quality/health impacts

Figure 2. Air qualitymodelingfor atmosphericimpactanalysis.
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Table3. Examplesof Air QualityModels

Model Reference Description

Empiricalmnetic
Modeling
Approach
(El~tA)

25,26

•

Lagrangian,single
well-mixedcell. Allows

for time-varying
emissionsand
inversionheightraise.

Urban Airshed 27,28 Three-dimensional,
Model (11AM) urban-scale

photochemicalmodeL
Specifiedby the EPA
for regulatory
applications.

Carnegie/ 29,30 Three-dimensional,
California urban-scale
Instituteof photochemicalmodel.
Technology
(CIT)

CALGRID 31,32 Three-dimensional,
urban-scale

. photochemicalmodel.
RegionalOtdant 33 Three-dimensional,

Model (ROM)
.

regional-scale
photochemicalmodel.

EPA Models-3 34 Three-dimensional,
multi-scale
photochemicalmodeL

applicable) emissionsoccur. These models simulate transport,
diffusion, or depositionof the pollutants betweencells. Grid
models provide the most comprehensive representation of.
any airshed and provide the only means to predict observed
pollution levels in real-world pollution episodes,particularly
with respectto spatial and temporal variation. However,these
modelsrequire large quantitiesof detailedinput data and have
high computational demands.Some of the most significant
limitations ofgrid modelsinvolve theuncertainties in theinput
data and chemicalmechanisms.Grid models areoften applied
to an airshedwhere extensive,carefully examined input data
are available, such as that from the Southern California Air
Quality Study in the Los Angeles air basin (30). Results can
then be comparedto ambient pollutant observationsto evalu-
ate the accuracy of model predictions. Although models are
frequently evaluatedagainstobservedozonedata, moststudies
have not directly compared predictions with observations of
VOC and NO~concentrations. Becausemany factors affect
ozone,one doesnot know whether a model that can predict
ozone is giving the right answer for the wrong reason. The
few studies that have compared VOC and NO~data indicate
that grid models underpredict precursor concentrations by
significant factors.

Potential pollution control strategiescan be examined with
grid models by simulating the effects of reducing specific
sourceemissionsand then comparing resultant predicted pol-
lution concentrationswith thosepredicted without the source
controls, thus potentially saving the hugeefforts and costs of
applying ineffective emissionscontrol strategies. Compound
and sourcereactivity can be examined with thesemodels by
simulating the effects of adding incremental amounts of a

VOC or of a soecific sourceemissionto a basecaseemission
inventory.

Grid modelsare usedto assessspecificpollution scenarios
account for greatphysical detail, and provide spatialand tern-
pond information on pollutant behavior single-cellmodelsare
usedto representa wide variety ofchemicalconditionsandper-
form formal sensitivity analysis.Choosingwhich model type is
bestsuited for a specific application is often basedon balanc-
ing the needfor physicaldetail with computational limitations.
For thesereasons,the study of reactivity relies on both single-
celland grid modelpredictions, andtheresults can becompared
to help assessthe reliability of the reactivity predictions. For
more information on typesof air quality modelsand modelveri-
fication, seeReference2 and the referencestherein.

Chemical Mechanisms

The chemical mechanismis the portion of the airshed model
that represents thechemicaltransformations of the pollutants
that are emitted or formed in the atmosphere.This is the term
R~in equation5.Becauaethis is the portion of the model that
representshow O~is formed from the various typesof VOC5
in the presenceof NOR, it is the critical componentfor predict-
ing VOC reactivity. The mechanismmust be able to take all
the chemical factors affecting ozone formation appropriately
into account if the ozonepredictions of the model are to be
credible. Table 4 lists the various chemical mechanismsthat
are currently in usein air quality models and indicates the
airshed modeling applications where they are currently used,
along with theirrelative strengthsand weaknesses(35—40).

As indicated in Table 4, all the chemical mechanismscur-
rently in useemployvariousapproachesfor condensingor sim-
pli~~ingthe complex chemical processesthat actually occur.
This is becauseseveralhundred types of organic compounds
have been identified in speciatedemissionsinventories, and
the compounds all have differing reaction rates, amounts of
NO oxidation causedby the radicals they form, effects on OH
radical and NO~levels,and reactivities of their products. Each
reaction has a rate constant that can depend on temperature,
pressure, or, for photolysis reactions,the intensity and spec-
trum of incident sunlight. All of thesevary with time of day,
season,and meteorological conditions. It is not practical for
this level ofdetail to be represented explicitly in airshed mod-
eling systemsascurrently employed.Evenif it werepractical,
environmental chamber data are available concerning only a
small subsetofthesereactions,and for all otherstheir rate con-
stants (and for more complexsystems,the products they form)
needto beestimated by extrapolation or analogyfrom the sim-
pler, morewell-studiedsystems.

For thesereasons,increasing the complexity and numberof
speciesand reactionsin the chemicalmechanismmay notnec-
essarily increase the reliability of predictions of the airshed
models that incorporate them. Chemical mechanismsare dis-
cussedfurther later in this section.

Environmentat Chamber Experiments

Before any chemical mechanism—whetherdetailed or con-
densed—is incorporated in an airshed model, it must be
demonstrated to predict at least the major features of the
VOC—NO~—air photooxidation process- The only practical
meansfor doing this is to conduct experiments using an en-
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Table4. ChemicalMechanismsCurrentlyUsedin Air Quality
Models

Mechanism Desciption Reference

StatewideAir Ezolicitfor alargenumberof 35
Pollution organics,but usesalumped
Research representationfor reactive
Center1990 products.Designed
(SAPRC-90) specifically for reactivity

applications.Evaluated
primarily againstindoor
chamberdata.

-

CarbonBond Lumpedby numberof carbon 36
IV (CB4) bondsin compounds.Specified

by EPA for regulatory
purposes.Evaluatedagainst
outdoorchamberdata

Lurmann, Earlierandmorecondensed 37
Carter, versionof SAPRC-90.Usedfor
Coyner CIT grid modelreactivity
(LCC) assessmentcalculationsuntil

recently.Evaluatedagainst
chamberdata

RegionalAcid Developedfor usein regional 38
Deposition aciddepositionmodeling.
Model, Similarto LCC in detail,
version2 exceptmoredetailedmodelfor
(RADM-2) peroxideformatioaEvaluated

againstchamberdata.
Earwell Extensivelyusedin Europe.Very 39

Mechanism largenumberof compounds
representederDlicitly. Not
evaluatedwith chamberdata

SAPRC-93 Updatedversionof SAPRC-90, 4.Q
Mechanism samelevel ofdetail- More

consistentwith recent
environmentalchamber
exoeriments.

viron.mentalchamber,also called a smogchamber,wherethe
chemicalprocessesof interestareoccurring undercontrolled
andwell-characterizedconditions.It can then be determined
whether the experimental results are consistentwith the
predictionsof models usingthemechanism.Chemicalmecha-
nism developmentexperimentshavebeenperformedin indoor
chambersof —3000—5000L using artificial light sources(41),
much larger outdoor chambers(42—44), and with smaller
indoor reactionbags(45,46).

Various types of chamberexperimentsare used to test
difibrent aspectsof the chemicalmechanisms.Irradiations
of singleVOCs in the presenceof NO andair testthemech-
anisms for the individual compounds;N0~-airirradiations
of marecomplexVOC mixtures test the performanceof the
model as awhole (47—50); andexperimentswherethe effect
of addingsingleVOCs or VOC mixturesto irradiationsof NO1and complexmixtures testmodel predictionsof incremental
reactivity (40,46,51—53).Evaluationof chemicalmechanisms
with chamberdatais complicatedby uncertaintiesin cham-
ber effects (48—50,54) such as depositionto the walls, and
separatecharacterizationexperimentsareneededto evaluate
models for these effects. The characterizationresults are
used when evaluating the mechanismof interest (48—50).
Although uncertaintiesare introducedin such evaluations,

the uncertaintiesin evaluatingchemicalmechanismsusing
chamberdataarefar lessthantheuncertaintiesinattempting
to evaluatemechanismsby comparingfull airshedmodeling
results with ambient air data With rb~mher experiments,
the amountsof input pollutantsare accuratelyknown, and
no uncertaEties regarding dilution or transportneedto be
considered.

Currentchamberdataareavailableto testthemechanisms
for onlyasubsetof the manytypesof VOCs emittedinto the
atmosohere.Fortheotherspecies,reactionsareeitherderived
by analogywith mechanismsfor compoundsthat havebeen
studied,ortheyarerepresentedin themodelasif theyreacted
in the samewayassomeotherspecies.Thelatteris referred
to aslumping,whereasinglespeciesis usedin themodel to
representan entire class of compoundsassumedto react in
thesameway, or agroupof modelsueciesis usedto represent
variousaspectsofthereactionsofvariouschemicalcompounds.
Thevariouslumoingaporoaches,andtheapproximationsand
inaccuraciesthey introduce, vary dependingon the mecha-
nisms(refertoTable4).

QUANTIFICATION OF VOC REACTIVITY

A numberof possiblemethodsto quantify the impact of a
VOC on ozoneformationhavebeenpv’nnined.Early reactivity
exoerixuentswere basedon amountsof ozoneformed when
theVOC is irradiatedin thepresenceofN0 in environmental
chambers(eg, 55—57). However, individual VOCs are not
emitted in the absenceof other reactiveorganics, so such
exuerimentscannotbe expectedto representatmosphericcon-
ditions.Furthermore,therearechamberwall andbackground
effectswhichaffect the resultsof suchexperiments,particu-
larly if thecompoundreactsslowly or hasradical sinksin its
mechanism(48,49,54,58—~0)..4.nalternativemeasurethathas
beenproposedis comparisonof the OH radicalrate constants
betweenVOCs (61—63). Although not strictly a measureof
ozoneformation, for most compoundsreactionwith OH is the
main processthat initiates theVOC ozone-formingreactions.
This approachhasthe significantadvantagethat theOH rate
constantsare known or can be estimatedfor essentiallyall
VOCs of relevanceto mostregulatoryapplications(20,64,55),
andtheOH rateconstantsarepropertiesonlyoftheVOC, and
not the environmentwhere the VOC is emitted(other than
small temperaturedependencies.)However,this methoddoes
not accountfor the significantdifferencesin the subseuent
reactionpathwaysof theinitial products,whichcanaffecthow
muchozoneisformedafterthe VOC—OHreaction(22,23).

In particular, model calculationshaveshownthat incre-
mentalreactivitiesof VOCs dependnot only on how fast the
VOC reacts,but alsoonthetendencyof theVOC to enhanceor
inhibit radical levels,the tendencyof theVOC to removeNO1
from thesystem,andthereactivityof theVOC majorproducts
(19,22,66,67).For example, aromatics, which have strong
N0 sinks and radical sourcesin their mechanisms,were
foundto haverelativelyhigh reactivities underlow VOC/NOI
conditions,but were foundto havenegativereactivitieswhen
theVOC/NO~ratio was sufficiently high. For this reason,the
OH radical rate constanthasbeenshownto correlatepoorly
with othermeasuresofozoneformationpotential,particularly
for themorerapidlyreacthgVOCs (68,69).

Becauseof the limitations of the OH radical rateconstant
scale(70), it hasbeenarguedthat ascalebasedon incremen-
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tal reactivities would provide a more comprehensivemeasure
of the effect of a VOC on actual ozoneformation (35,69). In-
cremental reactivity is defined as the changein ozonecaused
by a change in the emissionsof a VOC in a specific air pollu-
tion episode.To removethe dependenceon the amountofVOC
added, incremental reactivity is defined by equation 6 as the
limit as the amount of VOC added approacheszero, ie, as the
derivativeof ozonewith respectto VOC (asshownon the lower
plots ofFig. 1):

IR 8[03J
— S[VOC~]

Here, 1R~is the incremental reactivity and the subscript
i denotes the VOC being examined.This reactivity definition
takes into account the effects of all aspectsof the organic re-
action mechanism and the effects of the environment where
theVOC is emitted.However,model calculations(23,25,69,71)
and environmental chamberexperiments(72)haveshownthat
changesin environmental conditions can significantly affect
incremental.reactivities, both in a relative and in an absolute
sense.Therefore, the incremental reactivity is a function of the
episodeaswell asofthe VOC. This presentsobvious problems
in developingreactivity scalesfor usein VOC control regula-
tionswhich will be applicable under all conditions. Methods for
dealingwith this episodedependencearediscussedin the sub-
sequentsectionon variability.

The incremental reactivity of a VOC under true ambient
conditions cannotbemeasureddirectly—nther than by chang-
ing emissionsand then observingthe resulting changesof air
quality for enoughyears to factor out effectsof meteorological
variability—but can be estimated either by computer model
calculations or by suitably designed environmental chamber
experiments. Both types of estimation approacheshave their
limitations. In the caseof model calculations, uncertainties
and approtimations in the model for airshed conditions, in
the model formulation, and in the chemical mechanismcause
uncertainties in the predicted ozone impacts, as discussed
subsequently,In the caseof experiments, it is difficult for the
conditions of the experiment to simulate ambient conditions,
so the results do not have general applicability. For these
reasons,modeling and experimental measurementsare used
in conjunction for examiningreactivity.

In an early model simulation, it was shown that, when
adding a given amount of a VOC to the other VOC inputs in
EIOVIA model simulations, the calculatedchangein ozonevar-
ied widely among different VOCs at low VOCINOI ratios, but
were lower and less variable under high VOC/NOI conditions
(68). Although the VOCINOX ratio was probably the most im-
portant single environmental factor affecting reactivity, other
factors are important aswell (22). Simulations of environmen-
tal chamber experiments resulted in different incremental
reactivities (both absolute and relative) than simulations of
atmospheric conditions, indicating that incremental reactivi-
ties measuredin chamberexperiments should not be used to
assessatmospheric reactivities without the benefit of model
calculations to account for the differences between chamber
and airshed conditions. In addition, it was shown that the
number of days in the pollution episodeand the nature of the
other VOCs present also had a non-negligible effect on VOC
reactivities (22). There was still somevariability in relative
reactivities among different one-dayairshed model scenarios

evenafter NO1 inputs in the scenarioswereadjusted to yield
consistentconditionsofNO1 availability (23).

The factors affecting reactivity from the perspectiveof the
chemical reactions actually responsible for ozone formation
have also been investigated (19,66,67,73),showing that the
relative contribution ofVOCs to the reactions that are directly
responsiblefor ozonecan be quite different than the relative
incremental reactivities of those VOCs. This is becausemany
VOCs have high (or negative)incremental reactivities—not be-
causeof the ozoneformed by their own reactions,but because

(6) their reactions affect how much ozoneis formed from other
VOCs. For example, if the reactions of a VOC significantly
affect radical levels(asrepresentedby ~ in eq. 4), theywill af-
fect how much 03 is formed from the reactions of other VOCs.
For many VOCs, this indirect effect on reactivity makes a
larger contribution to its incremental reactivity than theozone
formed by theVOC direct reactions (19,66,67).This result has
alsobeenshownfrom an analysisofthe results of incremental
reactivity experiments carried out under maximum reactivity
conditions(52,53).

Environmental Chamber Reactivity Assessments

One way to assessVOC reactivity is to measure its effect on
ozonewhenirradiated in the presenceofNO1 and otherVOCs
in environmental chamber experiments. Although chamber
results are not applicablein a generalsensefor regulatory use,
experimental results are necessaryto ensure modeling results
are realistic. Such studies are underway or have recently
been completed at the University of California at Riverside
(52,53,72,74),at the General Motors Research Laboratory
(GMBL) (45,46), and at the University of North Carolina
(UNC) (75). Although the studieshave many similarities, the
objectives are different. Some studies (41,52,53,72,74)were
carried out primarily to evaluate the chemical mechanisms
used in airshed models to predict atmospheric reactivity,
which asdiscussedis essentialfor assuring their reliability. In
the first study (52,53) a relatively large numberof compounds
were studied using a blacklight light source, relatively high
N0 Ivim-like conditions, and a highly simplified mixture
to represent other VOCs in the atmosphere. In chamber ex-
periments studying reactivity, the term reactive organic gas
(ROG) surrogate is used to refer to this mixture representing
the other atmospheric VOCs, whereas the term VOC is used
to refer to the individual compound whosereactivity is being
studied. In the secondstudy (72), the effects of varying the
NO1 conditionswhile usinga more complexand realistic ROG
surrogate was examined. The results were compared with
the predictions of both the SAPRC-90 mechanismwhich was
used in the reactivity assessmentsdiscussed,and also an
updated versionof this mechanismdesignated.SAPRC-93(40).
The SAPRC-90 mechanismagreed reasonablywell with the
experimental results for most VOCs, except for the internal
alkenes, where SAPRC-93 performed significantly better.
Neither mechanismperforMed particularly well in simulating
reactivity differences among xylene and trimethylbenzene
isomers, although this discrepancy has been corrected in
newerveräions of the SAPRC mechanismwhich are still under
development(76). The mechanismsperformed quite well in
simulating the effectsofvarying the NO1 levelsand the nature
ofthe ROG surrogate.
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The objective of otherexneriments(45,46) was primarily
to evaluatehow well experimentalincremental reactivities
correlatewith themodeledNfl scale.Incrementalreactivities
of severalrepresentativeVOCs weremeasuredas a function
of amount of VOC addedunder approximatelymaximum
reactivity conditions.A xenonarc light source(which gives
a better approximation to the spectrumof sunlight than
blacklights)and relatively small volume reactionbagswere
employed.Although the ROG surrogateonly approximated
the averagebackgroundconditionsassumedfor modelingthe
~4IRscale,theexperimentalreactivityresultscorrelatedwell
with the modeled reactivity results. Of note, the chemical
mechanismusedin the trajectorymodel wasdevelopedfrom
smogchamberresults,so some omissionsor errors mayim-
pactboth the chamberand the model reactivityvalues.The
experimentswere not intended for mechanismevaluation,
althoughtheymaybeusefulfor this purposeif additionallight
characterizationexperimentsarecarriedout.

A largeoutdoorenvironmentalchamberwas usedto com-
pareozoneformationfromvariouscomplexmixturesdesigned
to closely duplicatecomponentsin vehicleexhausts(75), and
similarexperimentswereperformedusinganindoor environ-
mentalchamberto examinethereactivityof actualalternative
fuel vehicleexhaust(77). Thepurposewasbothfor evaluating
chemicalmechanisms,andalsofor directcomparisonofozone
formationfromchemicallyrealisticmixtures(75). The results
ofthisstudywerecomparedwithpredictionsof theCM mecha-
nism,andeventhoughverygoodagreementwasfoundformost
simulations,theCM wasbelievedto exhibittoo largeof anin-
creasein ozoneproductionwith increasingtemperaturesover
80°F(26.7°C).Thepotentialreactivityoftheexhaustemissions,
whichagreedreasonablywell withcurrentair qualitymodeles-
timates,wasevaluated(77).

Finally, aseriesof environmentalchamberexperimentswas
performed,uponwhichaproposalwasmadethatreactivityis
aconservedpropertyregardlessof backgroundVOC composi-
tion,andthatozoneproductionisindependentofNO1undercon-
ditionsthatarenotNO1 limited (light-limited”) (78).Basedon
this hypothesis,a commercialinstrumentintendedto directly
measurereactivityin anairstreamwasdeveloped.Thisinstru-
mentandhypothesiswerethefocusofsomerecentevaluation
studies(79,80).Resultsfrom bothstudiesindicatereasonable
toexcellentagreementunderspecificenvironmentalconditions
amongthe instrument,staticenvironmentalchamberresults,
andsomechemicalmechanismmodeiingpredictions.Theyalso
found that, for the conditionsstudied,incrementalreactivity
was additivewithin the exoerimentaluncertainty.However,
bothstudiesrequiredmajor modifications to the instrument
beforeit couldbe used for reactivity measurements,andthe
hypothesisthatsmogfcrmationisindependentofNO1inalight-
limited regimewasnotfoundto bevalid.

Although environmentalchamberstudies are essential
for mechanismevaluationandassessmentsof reactivitiesof
complexmixtures, incrementalreactivities in environmental
chambersarenotthe sameas incrementalreactivitiesin the
atmosphere.It is not practicalto duplicateall of the environ-
mentalconditionswhich affect aVOC incrementalreactivity
in environmentalchamberexperiments,andevenif it wereit
would notbepracticalto usethemto comprehensivelyinvesti-
gatehow reactivitiesvary overthe wide varietyof conditions
that occurin the atmosphere.For this,model calculationsare

reouired.Variousmodelingapproachesto assessingreactivity
anddevelopingreactivityscalesarediscussedin thefollowing
sections.

RelativeReactivityScales

A generalscalewhich ranks the reactivitiesof VOCs would
clearly aid the developmentof regulatoryapplicationswhich
take differencesin VOC reactivity into account.However,
becauseincremental reactivities dependon environmental
conditions,noincrementalreactivityscalewill correctlypredict
relativeozoneimpactsunderall conditions(evenif therewere
no uncertaintiesin the models,the chemicalmechanism,and
the airshedconditions).This can be partially accountedfor
throughtheuseofarelative,ratherthanabsolute,comparison
ofreactivities.In otherwords,wedo notcomparetheabsolute
amountof ozoneformed peramount of VOC added,but the
amountofozoneformedrelativeto otherVOCs.Thisconceptis
appliedtosourcesaswell ascompounds.Forexample,if oneis
comparingthe reactivity of emissionsfrom agasoline-fueled
vehicle to that from acompressednaturalgas(CNG)vehicle,
whatismostimportantis notthatthe gasoline-fueledexhaust
hasareactivityof LOOg of ozonepergramof exhaustVOC,
andCM]. exhausthasa reactivityof 0.20 g of ozonepergram
exhaustVOC. Thesequantitiesaredependentonlocationand
time.What is of greaterinterestis that the CNG exhaustis
5 timeslessreactive,so the CNG vehiclecanemit aboutfive
timesasmuchVOC inanyareaandstill havea similar impact
onozonelevels.Definingreactivityin referenceto otherreac-
tivity valuesratherthan to absoluteozoneformation allows
reactivityvaluestobemorereadilyevaluatedandcompared.To
calculaterelativecompoundreactivities,wequanti~thereac-
tivity ofindividual VOCs ascomparedto areferencecompound
or,better,a VOC mixture (ie, thereactivitiesarenormalized).
Whenthesenormalizedcompoundreactivitiesarequantified
in a relativesense,the set of reactivities is referredto is a
relativereactivityscale.

Althoughthe useof a reactivityscalereducesthe effectof
reactivityvariabilities,it cannotcompletelyaccountfor envi-
ronmentaleffects.Nevertheless,theonly practicalalternative
tousinga generalreactivityscaleis regulatingall compounds
asif theywereeitherreactiveor unreactive,ie, usingan im-
plicit reactivityscalewhereall compoundshavereactivitiesof
either0 or 1.Thismethodhasobviousshortcomings.Forthese
reasons,anumberofreactivityscaleshavebeendeveloped,and
aresummarizedinTable5.

TrajectoryModel ReactivityAssessments

EighteenreactivityscalesweredevelopedusingtheSAPRC-90
chemicalmechanismin asingle-celltrajectorymodel (23,89).
Thesescalesrepresentthe averageresults from 39 modeled
trajectories,eachrepresentingan urbanareawith varying,
thoughlow, VOC-to-N01ratios,as shownin Table6. Averag-
ing reactivitiesacrossthesetrajectoriesaccountsfor someof
thevariabilitycausedbyenvironmentalconditions.

The 18 reactivity scaleswerederivedusingninedifferent
approachesfor dealingwith the dependenceof reactivity on
environmentalconditionsand on two methodsfor quanti~~-
ing ozoneimpacts.Sevenof thesescalesaresummarizedin
Table7. However, two important scales,the maximum in-
crementalreactivity (Mifi) and maximumozoneincremental
reactivity (NOR), are reasonablygood representativesof the
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TableS. Summaryof CompoundReactivityModelingStudies

Reference Model Type Mechanism Application

81 Trajectory Harwell Two-layermultiday trajectorysimulationsof reactivity.Referredto
asPOCPscales.

82 Three-dimensional(CIT) LCC Calculationof 3 reactivityscalesfor 11 lumpedcompounds.
Simulationswereperformedfor athree-dayperiodin the Los
Angelesarea(theSCAQS episode).

•

23 Trajectory SAPRC-90 Developmentof 18 reactivity scales(includingthefl andMorn)
for 117 compounds.Resultsarethe averageof 39 trajectory
simulationsfor 10-hourperiods.

83 Trajectoryand
three-dimensional(CIT)

SAPRC-9o Reviewof rateconstantuncertaintiesandalso portionsof
(84,85,87).Report.

84

85

Trajectory

.

Three-dimensional(CIT)

SAPRC-90

SAPRC-90
.

Rateconstantuncertaintycalculationsfor thereactivitiesof 26
compoundsunderM~-andMOIR-typeconditions.One
avengedtrajectorywasusedratherthanthe 39 usedin the
Carter‘~ andMOLR calculations.

Calculationof 3 reactivityscalesfor 27 compounds.Simulations
wereperformedfor the SCAQSepisode.

86 Trajectory
.

SAPRC-90 Calculationof the contributionsof is compoundsto ozoneconcen-
tationsin theLower FraserValley.

87 Three-dimensional(CIT) SAPRC-90 Rateconstantuncertainty calculationsfor thescalesand com-
poundsin the abovestudy(85).

88 • Trajectoryandthree- SAPRC-90 Calculationof five compoundreactivitiesunderM~andMOrn
. dimensional conditions.

Table6. Summaryof Initial BasecaseConditions Usedin Developmentof Carter ReactivitySealesa

City VOC/N01 City VOC/N01 City VOC/N05
Atlanta,Ga. 7.3 El Paso,Tet 6.6 Philadelphia,Pa. 6.2
Austin, Tex. 9.3 Hartford,Conn. 8.4 Phoenix,Ariz. 7.6
Baltimore,Md. 5.2 Houston,TeL 6.1 Portland,Oreg. 6.5
BatonRouge,La. 6.8 Indianapolis,lad. 6.6 Richmond,Va. 6.2
Birmingham,Al. 6.9 Jacksonville,Fla. 7.6 Sacramento,Calif. 6.6
Bostoti,Mass. t5 KansasCity, Mo., 7.1 St. Louis, Mo. 6.1
Charlotte,N.C. 7.8 LakeCharles,La. 7.4 SaltLake City, Utah 8.5
Chicago, Di. 1L6 Los Angeles,Calif. 7.6 SanAntonio, Tex. 3.9
Cincinnati,Ohio 6.4 Louisville, Ky. 5.5 SanDiego, Calif 7.1
Cleveland,Ohio 6.6 Memphis,Tenn. 6.8 SanFrancisco,Calif • 4.8
Dallas,Tex. 4.7 Miami, Fla. 9.6 Tampa,Fla. 4.4
Denver,Cob. 6.3 Nashville,Tern. 81 Tulsa,OkIa. 5.3
Detroit, Mich. 6.8 NewYork, N.Y. 8.1 Washington, D.C. 5.3
ap~f~3

full set, and are discussedin more detail below. The M~ TheMfl is basedon the incrementalreactivitiesofVOCs un-
scaleprimarily reflectstheeffect of theVOC on ozoneforma-
tion rates.The MOtH, EqualBenefit IncrementalReactivity
(Esm), and thebase-caseavengeratio ozoneyield scalesare
moresensitiveto the effect of the VOC on ultimate03 yields
in NO1-lirnited conditions. Scalesbasedon integrated0~are
sensitiveto both factors,but tend to be more similar to NIH
than MOtH (see also the discussionin following sections).
Scalessensitiveto effects of VOCs on ozoneformation rates
generallygive higher relativereactivitiesfor aromatics,and
lower relative reactivities for alkanes,than those basedon
ultimate0~yieldsinNO1-limited conditions.

Two of theabovescaleswhichhavebeenmostseriouslycon-
sideredfor regulatoryuse are the MOtH scaleandthe MIll
scale.TheMOtH is basedon incrementalreactivitiesfor NO1
conditionswhich aremostfavorableto ozoneformation,asin-
dicatedby the “MOR” pointon thebottom-left plotin Figure 1.

derrelatively highNO: conditionswheretheVOCs havetheir
highestincrementalreactivity, asis alsoshownon thebottom-
left plot ofFigure 1.

Use of the NIH scalehas beenproposedfor regulatory
applicationsbecausethe MtH scalereflectsreactivitiesunder
environmentalconditionswhich aremostsensitiveto effectsof
VOC controls (22,23,70).The NIH scalemay be less accurate
thanothers in predicting 0~effects underlower NO1 condi-
tions; however,becauseof the lower sensitivity of Os under
thoseconditions,the practicalimpactof thoseinaccuraciesis
less important thanwould be the caseunder the conditions
wherethescaleis designedto apply.The NIH scalewasalso
foundto correlatewell to scalesbasedon integratedosyields,
evenin lower NO1 scenarios.Nevertheless,the MOlE scale
is attractivebecauseit is more representativeof the worst
case ozone formation conditions in various airsheds,and
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Table7. Summaryof MajorCharacteristicsof CarterReactivityScales~

Derivationof Scaleft-on

Scale Typeof ScenariosUsed
Individual Scenario

Reactivities OzoneQuantification
ReflectsEffect

of VOC on:

Matimumincremental Low HOG/NO.. conditionswhere Averagesofincremental Manimumozone Ozoneformation
reactivity(~C) 03 is mostsensitiveto VOC

changes
reathvitiesin thei’i~
scenarios

rates

Maximumozone ModerateHOG/NO1conditions Avengesofincremental Maximumozone Ultimateozone
incremental wherehighest03 yieldsare reactivitiesin theMOtH yield
reactivity(MOtH) formed scenarios

Equalbenefit~

reactivitycBErn)

HigherROG/NQconditionswhere

VOC andNO1 controlareequallyeftbctivein reducing03

Averagesof incremental
reactivitiesin theBEtH

.Scenarios

Mazinumozone Ultimate ozone
yield

Base-caseavenge Base-caseconditions:HOC/NO,, Avengesof incremental Maximumozone Ultimate ozone
ratio: 03 yield conditionsareasobservedfor

theindividual scenarios
reactivitiesin thebase
casescenarios

yield

Base-caseleast Basecase Minimizesthesumof Maximumozone Dependson the
squareserror:03 squareschangein ozone variability of
yield whichwould occurif a

“null test” substitution
weremadein all the
scenariosbasedon the
scale’

scenario
condition&

Base—caseaverage Basecase Averagesofincremental Integratedozone Ultimate ozone
ratio: integrated0~ reactivitiesin the

base-casescenarios
. yield

Base-case Basecase Sameasbase-case Integratedozone Ultimate ozone
least-squareserror least-squareserror: Os yield
integrated0~ yieldc

aRef 23.
o TheMOrn scaleis also referredto astheMaximum OzoneReactivity(MOR) scale,
CA “null test” substitutionbasedon areactivity scaleconsistsof substitutingVOC emissionssuchthatthescalepredictstherewould beaochangein ozone-Two
typesof least-squareserror scaleswerederived—onebasedon substitutionof theindividualVOCs for thebaseRaGmixture, andoneon substitutingthe base
HOG for theVOcs.The scalesaresimilarexcept~ VOCswith variableincrementalreacdvitiesdistibutedaroundzero.
d Dependson effecton 03 formation rateif scenariosarehighly variedin HOG/N0 conditions(47,69,90),but dependsmoreoneffect on ultimateO~yield if the
ROG/N0 conditionsaremarenarrowlydis~-ibuted,as with theZR& scenarios(91) usedin the ost recentreactivityscalederivation(23,89).

also becauseit tendsto be moreconservativein predicting
substitutionbenefitsfor mostalternativefuels.TheMill scale
tendsto predictlarger reactivitybenefitsfor slowly reacting
compoundsthanmaybeaopropriate,becausethehigherNO1
levelsof Mfl scenarioscausesuppressedradicallevels,which
decreasethe amount that slowerreactingcompoundsreact
in the scenarios.Ultimately, in the first reactivity-based
regulatoryaction, CARE concludedthat the MIll was a su-
perior method to the OH scalefor assessingreactivity and
used the scaleas a basis for deriving reactivity adjustment
factors (RATs) in California’s LEV/CF regulations(92). RAPs
arediscussedfurther later in this article. The I\4]3 scaleis
nowalsowidely usedas a meansfor comparingreactivitiesof
vehicleemissionsduring various driving cyclesaswell as for
evaluatingtheuseofalternativefuels (93).

An alternativeapproachthatmayhavethebestfeaturesof
boththeMIll andMOtH would beto useascalebasedon inte-
gratedozoneunderbase-easeor maximumozoneconditions.
This has the advantageof the NIH scalein that it performs
well in predictingreactivity effectsunderhigh N0 conditions
that axe nest sensitiveto VOCs (becauseit correlatesrea-
sonablywell to Mm for most VOCs), while also beingbased
on conditions of scenariosthat are more representativeof
worst-case03 pollution episodes.Furthermore,in the context
of Eulerianmodel simulationswhereozoneimpactsvarywith

both time andspace,integratedozonethroughoutthefull air
basinandtime periodoftheepisodeis arguablyamorerobust
measureof theexposureof theenvironmentto ozone’thanthe
peakozoneconcentration,which might be highly localizedin
time and place.Comparisonsof Eulerian model predictions
with theNIH andMOrn scalesarediscussedsubsequently.

Analternativeseriesof reactivityscalesderivedusingatra-
jectory model arethe photochernicalozonecreationpotential
(POCP)scales,also shownon Table5, which werecalculated
by Derwentand’otherresearchersin Europe(81,94) using the
Harwell mechanism(39) and a two-layer Lagrangianmodel
representingvariousmultidaytrajectoriesacrossEurope.The
reactivities arecalculatedfrom the changein mid-afternoon
ozonefor eachday in the trajectoryresultingfrom removing
the test VOC from the emissions,divided by the integrated
emissionsofthetestVOC up to the timeof theozpneobserva-
tion. Most of the POCPscenariosprobablyrepresentlow NO
conditions.

A comparisonofNIH, MOTH, andPOCPreactivities for se-
lectedVOCs is shownon Figure 3. The Mill andMOrn scales
giveverysimilar relativereactivitiesfor mostcompounds,and
areconsistentin predictionsof which compoundsarehighly
reactiveand which arenot. However, for reasonsdiscussed
previously, the MOTH scalegives lower relative reactiviffes
for aromatics,andalsopredictslower relative reactivities for
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Figure 3. Comparison of MTH, MOTH, and POCPrelative reactivities. Incremental re-
activities (ozoneper gram) are shownrelative to ethene= 100. MTH and MOTH reac-
tivities are from (23). POCP reactivities are averagesfor various trajectories calculated
(81), with error bars beingthe standard deviation ofthe averages.

radical initiators such as formaldehyde, which have larger ef-
fects on rates ofozoneformation than onultimate ozoneyields.
The Mill, MOTH, and POCP relative reactivities generally
predict similar orderings of reactiviffes (relative reactivities),
but somesignificant differencesare observed.Thelargestdif-
ferences,.particularly for the alkanesand methyl ethyl ketone
(MEK) are probably due primarily to differencesin thechemi-
cal mechanismsemployed, rather than the types of scenarios
employed.The Harwell mechanism(39) is chemicallydetailed
and intended to be explicit, but, unlike the SAPRC and carbon
bond mechanisms, has not been evaluated against chamber
data and maynot adequatelyrepresentthe large NO1 sink pro-
cessesin the aromatic photooxidaffons that give them low or
negativereactivities under low NO~conditions. The relatively
low reactivity predictionsfor thehigher alkanesby the SAPRC-
90 mechanism has been verified by environmental chamber
experiments (40,52,53,72). Effects of differences and tin-
certainties in chemical mechanismson reactivity scalesare
discussedin more detail in a later section.

A different trajectory model was also used to evaluate
reactivity (86). This studyusedthe SAPRC-90chentical mech-
anism in the ozoneisopleth plotting researchversion (OZffR)
trajectory model (95) to predict the reactivity of 17 VOCs and
methane in the Lower Fraser Valley of Canada. This study
designatednine VOCs as significant contributors to the ozone
concentrations, sevenof which represent lumped compound
groups.Thegreatestcontributor to ozoneformation was found

to be AR02, a lumped model speciesused to represent the
xylenesand other fast reacting aromatics.

Eulerian Mode! Reactivity Assessments

A serious concern about the regulatory application of scales
such as Mifi and MOTH is that they are all based on the
single cell (Lagrangian) model simulations of single-day
pollution episodes.Mills have been developedbasedon 10-h
simulations, whereassomeorganic compoundsmay remain in
an urban airshedfor 2—3 days.The trajectory model lacks the
physical detail, the spatial and temporal detail of emissions
and resulting pollutants, and the multiday pollution effects
that can be representedin Eulerian models.For that reason,
it is important that the scalesderived usingtrajectory models
be evaluated using more detailed models. Three sets of such
studieshave beencarried out to date (82,85,87,88).

All three studies employed the Carnegie/California insti-
tote of Technology (CT) Model (29,30)applied to a three-day
air pollution episodein the Los Angeles air basin (30). In
addition, one study (88) also applied the CIT model to the
Swiss Plateau to study the use of reactivity over regional
domains that are lessNO5-rich. A challengein comparingVOC
reactivity usingresults betweenbox and grid modelingstudies
isthe difference betweenquantification measures,or metrics,
that can be defined from each analysis method. Differences
in the spatial and temporal representation of emissionscan
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alsomakethe comparisonof resultsdifficult. In the Eulerian
reactivitystudies,incrementalemissionsofthetestcompound
weremodeledby increasingthetestVOC proportionallyto the
spatialandtemporaldisthbutionof the baseorganicspecies
emissions.The ratesof all organicsuedesemissionsin each
modelingcell for eachhour wereusedto determinethe rate
of the testspeciesemissionin that cell. This is represented
mathematicallyby ecuation7, where,at timetin modelcellz
y, z, theperturbedemission(E2) oftestspeciesi is calculated
as the baseemissionof that species(E°1)plus a fraction, (a),
of the sumof thetotal baselevel emissionsof reactiveorganic
gase& Indexj refersto eachrepresentedexplicit or lumped
emittedVOC. This modelingmethodaccountsfor theeffect of
emissionsvariation, transport,andmultidayreactions.

E,~(x,y,z,t) E-~(x,y,z,t)+ aIjE~(x,y,z,t) (7)

In addition to different representationof emissionsby
trajectory andthree-dimensionalmodels,results from three-
dimensionalmodelingcanbe describedin a numberof ways.
Threeof the mostusefulmetricsare the differencebetween
peakozoneconcentrationspredictedusingthe baseandper-
turbed inventories,and population- and exposure—weighted
exposureto ozonelevels exceedinga thresholdvalue(82,85).
Eulerianmodelresultscanalso be comparedacrossdifferent
partsofthemodeleddomain,which havevaryingVOC to NO~
ratiosbecauseof pollutantemissionsandtransport,aswell as
variationin incident radiationcausedby cloudcover(85).

The CIT air qualitymodel hasbeenusedwith a relatively
highly lumped chemicalmechanism,the Lurmann, Carter,
Coynermechanism(LCC) (37), to quanti~thereactivity of 11
individual andlumpedVOCs. This studyallowedcomparison
with single-cell model reactivity studiesby others,and also
betweendifferentmetricsof ozoneimpact, includinghow the
speciesimpact thepeakozoneas well as ozoneexposure.The
resultsshowedthat the Mm reactivitiesdid notperformwell
in predictingpeakozonesensitivitiesfor the model species,
but performedreasonablywell in predictingeffects of model
specieson integratedozone exuosuresover the air quality
standard.TheMOTH scaledid not compareaswell asMill to
airshedmodel derivedresultsfor ~ither theimpacts on peak
ozoneor onozoneexposuresovertheair qualitystandard-The
comparisons(82) arecomplicatedsomewhatby the fact that
the study utilized the LCC chemical mechanism,which does
not corresponddirectly with SAPRC-90 mechanismspecies
used in calculatingthe Mfl and MOTH scales. However,
agreementbetweenthe Mm scaleand the ozoneexposure
predictions(82) is remarkablygoodconsideringthedifference
in the mechanisms,models,and ozoneimpact quantification
techniquesemployed.It wasnotedin thisstudythatmuch of
thevariability foundcouldbeascribedto usingasinglespecies
(CO in this case)for normalization,which is subsequently
discussed.

Subsequentto this study(82), the SAPRC-90 mechanism
wasimplementedin theCII’ model(referredto astheCIT-S90)
formoredirectcomparisonwith theMIR andMOTH reactivity
scales(85,87).Here,reactivitiesarenormalizedto amixtureof
VOCsrepresentativeof exhaustemissions,asin otherreactiv-
ity studies(23,34).Somedifferenceswerefoundwhich arebe-
lievedto bedueto multidaypollutantcarryoverandcloudcover
representedin the CIT model,which are notaccountedfor by
box models.The C1T-890wasalso usedto investigateeffects
of environmentalvariabilities andof chemicalmechanismun-

certaintiesonreactivities(discussedin thevariability andun-
certaintysections,resrectively).Amoredetailedcomparisonof
theCI’I’-SgO studyresultsandthe Mm andMOTH arealsopre-
sentedin latersections.

Oneothel- three-dimensionalmodel studyof reactivity(88)
involved VOC solventshaving a wide rangeof reactivities.
The solventsstudiedincluded m-xylene (the most reactive),
parachlorobenzotriflouride(PCETF,the least reactivehalo-
genatedaromatic),benzotriflouride(BTF), acetone,ethanol,
and isobutane.The CFI’—S90 was usedfor this study. Rate
constantsof similarly reacting compoundswere assumed
for thosesolventsfbr which chamberstudieshave not been
performed.Thesecompoundsnot only haveawide rangeof
reactivities,butrepresentanumberofdifferenttypesofVOCs.
Usingabox modelto quantify theMIll andMOTH reactivities,
asseenin Figure4, averygoodagreementwasfoundbetween
the normalizedMm and MOTH reactivities(the reactivities
were normalizedto the geometricavengeof the compound
reactivities),eventhoughthe absolutereactivitiesdiffered by
afactorof two. Theseresults,alongwithothers(23,85,87,96),
suggestthat thedifferencesbetweenthereactivityscales(and
hence,the impactof differing levels of VOC), areprimarily
in the absolutemagnitude,not the relativeamount of ozone
formedbetweendifferentcompounds.

VARIABILITY IN REACTIViTY SCALES

Variability with EnvironmentalConditions

One of the strongerdebateson the use of reactivity quan-
tification for determiningthe potential impactof VOCs on
ozoneis that the absoluteamount of ozoneformed from a
given quantity of VOC is heavily dependenton the local
ambientconditions, including the meteorology(wind speed,
temperature,mining height, andhumidity), pollutant trans-
port (the residencetime of emissions in an urban area),
distribution of emissionssources(eg, proportionof biogenic,
mobilesource,andotheremissions),andbackgroundpollutant
concentrations(eg, theVOC/NOX ratio andthe absolutelevels

: .
- +

N-MIR

Figure 4. Relative(normalized)N-Mm andN-Mom reactivi-
ties for six solvents(88)- In orderif increasingreactivity, they
are:PCBTF, ETF, acetone,ethanol,isobutane,andm-xylene.
It is evidentthat thetwo scalesare nearlylinearlycorrelated
for thesecompounds.
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of VOCs and NO~).This dependenceon variable conditions
was discussedwhen presenting various reactivity scalesand
experimental results.

One effect of variable conditions is that, in the extreme,
a compound can go from being fairly reactive under certain
conditions to having a negativereactivity under others (eg,
toluene). This dependencemay make the useof generalized
reactivity weighting and the developmentof reactivity-based
control strategies problematic. However, one should also
recognizethat for most of the organics, those that are highly
reactiverelative to the otherVOCs under one set of conditions
remain highly reactiveunder other conditions. Likewise, the
lessreactiveVOCs remain lessreactive. Compoundsthat vary
widely, such as toluene, are the exception rather than the
rule. As discussed,this variation is partially accounted for by
the useof normalizing and relative ranldng in the reactivity
quantification ofVOCs.

A secondissuein the analysis of variability in reactivity
with environmental conditions is the effect of NO~and VOC
backgro~indconcentrations. TheMIII scalewas derived using
conditions relatively high in NO~,as might be experienced in
areaswith a high density of NO~emissions(eg, areashighly
impacted bytraffic or local industrieswith significant combus-
tion sources).MOffi conditionsoccur at lower NO~levels,but
the ROG/NOS ratios are still lower than what might be found
in rural areas.Reactivity simulation conditions used byDer-
went and ~Tenldn(81) have even less NO~,which represents
conditions where VOC controls and reactivity weighting are
relatively ineffective.So the question arises as to how well a
measure of reactivity quantification can represent many ar-
eas,giventhe possiblerange of environmental conditions un-
der which ozoneformation occurs.Thiswas,in part, addressed
when comparing the Mill, MOm, and POCP scales,and is ad-
dressedfurther subsequently.

Theimpact of environmental conditionsonreactivity should
be discussedat two levels: first, how it affects the reactivity
of individual VOCs; and second,how it would likely affect the
reactivity of emissionsfrom a source whose composition is
madeup of a largenumber ofVOCs.As suggested,the absolute
amount of ozoneformed from anyVOC is highly dependenton
the environmental conditions. In anareaalready rich in VOCs
(ie, a NO~-limitedregime), the small addition of an individual
VOC has a lower impact than if that sauna increment of VOC
emissionsoccursin anarearich in NO~(where ozoneformation
isVOC limited). As shownby Carter (23), the averageabsolute
reactivity of a suiteofVOCs usingthe M~scaleis about twice
that whenusingthe MO~scale.Further, there are thosefew
compoundsthat can go from having relatively highreactivities
to low or negativereactivities. This would appear to inhibit the
useof reactivity weightingin regulatory applications.

An interesting exercisethat addressesthe impact of envi-
ronmental variabilities is a comparison between trajectory
model results and three-dimensional model results. By their
nature, the• three-dimensional models cover domains with a
wide range of environmental conditions, going from NO~-rich
conditions in urban centersto VOC-rich conditions downwind.
Further, they can follow the transport of pollutants over long
distances.In two of the modeling studies describedpreviously
(85,87), the spatially and temporally resolved ozone impacts
were usedto calculateimpacts on thepeak ozone,the potential
population-weightedozoneexposure,and the spatial-weighted
ozone exposure. From those calculations, the corresponding

compound reactivities were quantified and normalized to the
reactivity of a mixture of VOCs (so the results are relative
reactivities). As shown in Figure 5, the results from the Mm
and MO~box model calculations (23), conducted for 39 cities
(as shown in Table 5), agreedwell with related metric results
from the airshedcalculationsfor the Los Angeles,CA area.

In interpreting the results of the comparison betweenthe
two modeling approaches, and the differencesfound between
the three metrics defined for the airshedmodel results, it is
important to understandthe ozoneand population patterns in
the region. The peak ozoneis found in theeasternbasin, in an
areawith relatively little NO~,and thus has a high VOCINOX
ratio. On the other hand, the population is concentratedmore
in the westernbasin, in areaswith more denseemissions,and
in particular NO~-richmobile sourceemissions,and thus hav-
ing a low VOC/NOX ratio. Also, the peakozoneis found down-
wind of the urban area,after the pollutants have had a chance
to age, again in contrast to the more densely populated re-
gionswhich experiencefresh emissions.Further, the meteorol-
ogy (eg, temperaturesand mixing heights)in the two portions
of the basin are aifferent. Becauseof thesedifferences, con-
trasting the population-weightedozoneimpact with the peak
ozone impact can help capture the level of difference found
from environmental variability. The spatial-exposuremetric is
expectedto giveresultswith characteristicsofeachof theother
two metrics.

As shown in Figure 5, the airshed model-derived spatial
and population-density weighted results behave similarly to
MIRs. The greatestdifferencesarefound for formaldehydeand
other compounds whosereactivities are highly dependent on
photolytic reactions.This may be explainedby the useof a re-
duced photolysis rate in the airshed modeling to account for
the observedcloud cover. The box model used clear sky con-
ditions. The reductions in the reactivities are consistentwith
the sensitivityto the rate constantsfor the photolytic reactions
(84), as addressedin the uncertainty section.In genel-al,air-
shed model results for Los Angelesagree well with MIRs, and
further showthat individual organics haveverydifferent ozone
impacts.Sucha studyhasnot beenconductedfdr other regions.

To further compare the trajectory and airshed model
results, regressionanalysiswas performed betweenthe box
model reactivi ties and the airshed reactivities. As shown in
Table 8, the Mill scalecorrespondedwell with the population
exposure-basedreactivities, and the MO~scale agreedwell
with the CTI’-590 peak-ozonesensitivity. In thesetwo cases,
the slopeof the regressionline is virtually 1 (showing little
bias as reactivities increase),and the correlation is high. The
CIT-S90 spatial exposuremetric correlates well with both the
M~and MOLE scales,but showssomebias in the comparison
with the MOLE scale, indicating that the spatial exposure
metric finds the less-reactivecompoundsto be relatively more
reactivethan doestheMOLE scale.

As seenfrom Figure 5, there are significant similarities be-
tweenthe CIT-S90 metrics aswell, although somedifferences
are evident. Differenteswerequantified by calculating thenor-
malizedbias (a valueof 1 would indicate a 100% bias)and stan-
dard deviation betweenthe scales(Table 9). Thesedifferences
betweenpotential metrics for reactivity quantification within
a modeling study alsointroduces variability.

A similar issuein regards to the role that environmental
variability plays in reactivity quantification is how vari-
ous meteorological characteristics can affect reactivities.
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Figure& Comnarisonofthree-dinensionalandtrajectorymodeledrelativereactivities.

TableS. RegressionResultsfor Airshed Model Exposurever-
susMIII andAirshedPeakOzoneversus MOnt Measuresa

Comparison R° Slope Intercept

Populationexposureto MIII 0.31 0.88 0.04
Spatialexposureto MIII 0.97 0.98 0.04
Peakto MOLE 0.80 1.01 0.05
Snatialexposureto MOLE 0.96 1.09 -0.06
3flR to MOLE 0.94 LOS -0.08
aRea85 and87.

Table 9. Normalized Bias and StandardDeviation amongRe-
activity Metrics CalculatedusingtheCIT-SeeAirshedModel?

Comparison Bias Standard

Populationto spatial exposure —021 0.22
Peakozoneto spatialexposure 0.22 0.52
Peakozoneto populationexposure 0.39 0.67

c2afs 85 and87.

Russellet al. (96) studied the variability in reactivities as
fbund using the results of the box model of Carterunder
d~eringconditions, a similar box model (84), and a three-
dimensionalmodel(85). First, usingjust theresultsofthe box
modelcalculations(23),theyquantifiedtheinter-cityvariabil-

ity in theabsolutespeciesreactivitiesalongthe 39 trajectories,
andtheinter-cityvariability in therelativereactivitiesof the
individual VOCs along thosesametrajectories.Normalized
MIlls were calculatedby dividing each speciescity-specific
Mifi by the.geometricmeanreactivityof all the speciesreac-
tivities for that city, andmultiplying by thegeometricmean
reactivity of the 39-city averageMIRs. This alleviates the
problemthatVOCs aregenerallyless reactive,in anabsolute
sense,in onecity versusanother.A sampleof their resultsis
givenin Table10. As seen,thevariability in thereactivity is
significantly reducedbetweenthe differenttrajectorieswhen
therelativereactivitiesareuse±

Use of relativereactivitygenerallyreducedvariability by
almostafactoroftwo, fromabout20 to 12%.

impact on SourceReactivityAssessment

The previous discussionpertains to the variability in indi-
vidual compoundreactivity due to changingenvironmental
conditions.In summary,it wasfound thatwhile the absolute
reactivitiesdo varywith environmentaldifferences,the rela-
tive reactivitiesvarymuch less,althoughdifferencesarestill
found. However, regulatory use of reactivity quantification
appliesto sources,mostof whichhaveemissionsnotof asingle
VOC but of a mixture of VOCs. For example,automobileex-
haustis madeup ofamyriadof differentcompounds.Table11
presentsa summaryof modeling studiesthat examinethe

D CIT Peak Ozone

OCIT SpatialThresholdExposure

~ CIT PopulationThreshold Exposure

~ Box Model MIR

• Box Model MOIR
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Table10. ExampleMfls andVariationsamongLocations(MeanandStandardDevjatjon)~

Compound Mean Reactivitiesaoss39 Cities (Non-normalizedlNcrmalized) StandardDeviation (Non-normalized/Normalized)

HCHO - 7.2/7.1 1.0/0.58
Methanol 0.56/0.55 0.1210.064
Ethane 0.25/0.24 0.070/0045
Tolueae 2.7/2.7 05210.28
Pentene 6.2/6.1 1.2/054

‘Ref. 96. -.

Table 11. Summaryof SourceEmissionsReactivityModelingStudies

Reference Model Type Mechanism Application

97 Calculated(not modeled) EPA smogchamberdata Estimatedmajorsourcereactivitiesfor me~opolitanLos
Angeles.

98 Trajectory LOG Methanolfuel vehicleimpactswith respectto conventionally
fueledvehicles.

99 Three-dimensional(OtT) LCC Potentialmethanolfuel vehicleimpactsfor theSCAQS
episode(comparedto equalmassemissionsfrom
conventionalvehicles).

100 Three-dimensional(CIT) LCC Calculationsof RAPs for 4 fuels. Simulationswere
performedfor the SCAQSepisode.

101,102 Trajectory SAPRC-90 Rateconstantandexhaustcompositionuncertainty
calculationsfor the RAPs from reformulatedgasolines
andmethanol.

103 Trajectoryand SAPRC-90 Reporton box modelstudydescribed(101,102)anda3D
three-dimensional(CIT)

~

studyof theeffectsof rate constantandproductyield
uncertaintieson predictedozoneimpactsof S alternative
fuelRAPs.

96 Trajectoryand SAPRC-90 Evaluationofcombinedresultsof mostpreviousstudies
. three-dimensional(CIT) (82,84,85,l00,10l,103).An economicanalysiswasalso

performed.
104 Three-dimensional(11AM) CB4 Modeling ofpotential impactsof theuseof threealternative

fuels(CNG, M85, andRFG) in two urbanareas.Report.

reactivity of sourceemissions.An importantquestionis how
doesenvironmentalvariability impacttherelativereactivityof
sourceemissions.This issuehasbeenexploredin mostdetail
for automotiveexhaustemissions,in largepartbecauseofthe
alternativefuelregulationspromulgatedin California.

In 1990, CARE adoptedthe LEV/CF regulations(24,92),
which are applicable to light- and medium-dutyvehicles.
The regulationsare fuel neutralin that all alternativefuel
vehicles(AFVs) can competein the marketplaceas long as
they meetexhaustemissiohstandardsequivalentor lower in
ozone forming potential as thoseset for vehiclesfueledwith
conventionalgasoline.Manufacturerswho build automobiles
poweredby alternativefuels, includingreformulatedgasoline,
can take advantageof the lower ozone-formingpotential of
thesevehiclesthroughthe useofRATs.An RAF, as shownby
equation 8, is defined as the ratio of the exhaustreactivity
(per gram) of an AFV to thatof acomparableconventionally
fueled vehicle (CFV). The mass emission rates of NMOG
(nonmethaneorganicgas)exhaustfor eachAFV is adjustedby
the R.AF before comparisonwith the emissionstandards.In
this way, AFVs areallowed to havea highermassof NMOG
emissionsthan CFVs, so long asthe ozone-formingpotential
of the AFV is no greaterthan a CFV that just meetsthe
standards.Theseregulationsarosefrom interestin the useof
reformulatedgasolineand alternativefuels as a measureto
reduceozonein urbanareas.

N

~ FAR
1

RAP i~I

IF
3

,Ri
i—i

(8)

whereFM is massfraction of compoundi in the testfuel ex-
haust(alternativefuel), F

3
, is massfractionof compoundi in

thebasefuel exhaust(conventionalgasoline),R, is reactivityof
speciesi (gramsozoneformedpergram compoundi emitted),
andN is themaximumnumberof organiccompoundsin either
fuel A or fuelB.

An RAF is the amount of ozoneformedfrom a unit mass
emissionfrom anAFV comparedto theamountof ozoneformed
from an equalmassof VOC emitted by a CFV. Without this
typeof adjustment,a low massemissionrateof highlyreactive
exhaustwould appearpreferableto a highermassemission
of a much less reactiveset of species.This adjustmentalso
decreasesthe impact of compoundreactivity variabilities on
sourcereactivityquantification,similar to how compoundrela-
tive reactivitiesareless variablethanabsolutereactivities.

TheRAF scaleused in the California regulationsis calcu-
lated using the ME scale,which was developedusinga box
model and the SAPRC-90mechanism.For comparison,the
RAPswerecalculatedfor five fuelsbasedon both the SAPRC-
90 and the LCC mechanismfor the ME and MOE scales
(100). As seenin Table 12, the results are similar between
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Table 12- Comparison of Exhaust
Factors’

Reactivity Adjustment

Fuel

Mfl MOE

SAPRC-90 LCCSAPRC-90 LCC

Basefuel
~85
LPG
CNG

1.00
0.37
0.50
0.18

L00
0.26
0.50
0.17

tOO
0.38
0.59
0.23

1.00
0.38
0.60
0.21

‘Ref. 100.

mechanismsandscales,for eachfueL Thelargestdifferenceis
foundfor liquefiedpetroleumgas(LPG)exhaust,which isrich
in afewparticularcompounds.

Theimpactof environmentalconditionvariability on RAPs
hasalso beeninvestigated(96). Here,both the absolutereac-
tivities andthe RAPs of exhaustwerecalculatedfor vehicles
operatedon six fuels along eachof the 39 trajectoriesused
in developingthe MTLRs. The resultsare shownby box plots
in Figure 6. The variation in absoluteozoneforming poten-
tials acrosscitiesis substantial.However,when the reactivi-
ties of exhaustfrom AFVs arenormalizedby the reactivityof
standardgasolineexhaust(ie, theRAP is calculatedfor each
city individually),variationamongcitiesis sharplydiminished
(Fig. 6b). The importantpoint hereis that whilethe absolute
reactivityof the exhaustmayvary significantly, the RAP is
relatively invariantacrossthe cities. Again, it is therelative
ozone impactthat is of greatestconcern.Such amarkedde-
creasein variationmaynot befoundfor sourcetypesemitting
fewercomuounds.

Otherquestionsremainabouttheuseof reactivityweight-
ing in regulatory practice,mainly becauseof uncertainties
in our representationof atmosphericchemistry, emissions
compositionuncertainties, and how well our current tech-
niquesquanti~reactivity. The following section addresses
theseissues.

UNCERTAINTIES IN REACTIVITY QUANTIFICATION

ChemicalMechanismUncertainty

A concernoftenraisedis that the quantificationof compound
reactivitiesis cloudedby uncertaintiesin our lcowledge of
atmosphericchemistryandits representationthroughchemi-
cal mechanisms.Measurementerrors in laboratory ~netic
andproductstudiescontributeto uncertaintyin the chemical
mechanismsusedto calculateincrementalreactivities.More-
over, the reactionsof manyof theorganiccompoundsemitted
into urbanatmosphereshaveneverbeenstudiedin controlled
exteriments.Theirrepresentationin chemicalmechanismsis
basedon analogyto compoundsof similar structure,creating
added uncertainty. At issue is whether the uncertainties
in the chemistry significantly impact the calculationof the
reactivitiesfor organiccompounds.

One way to assessthe effects of chemical mechanism
uncertaintyis to comparereactivity predictionsusingdiffer-
ent state-of-the-artmechanismswhich incorporatediffering
assumptionsconcerningunknownareasof the chemistryand
differing condensationapproaches.As discussed,theSAPRC-
90 mechanismwasusedfor calculationofthe MLR~MOE, and
otherreactivity scalesbecauseof the numberof VOCs it can
explicitly represent.The RADM-II andLCC mechanismsem-
ploy assumptionssimilar to SAPRC-90concerninguncertain
portionsof the aromaticsandother mechanisms,andwould
beexpectedto give similar reactivitiesfor thespeciesthat the
condensedmechanismsare designedto represent.However,
this maynot bethe casefor thecarbonbondIV (CB4) mecha-
nism, which employs differing assumptionsconcerningsome
of the uncertaintiesin the aromaticsmechanisms,and uses
different methods for treating alkane and alkene reactions
(105).In addition,sincethetime theCB4andSAPRC-90méch-
anismsweredeveloped,therehavebeensignificantchanges
in our understandingof alkene + ozonereactions,new data
on aromaticsmechanisms,new laboratory data concerning
a numberof potentiallysignificant reactions,and the devel-
opinent of a large databaseof new environmentalchamber
experimentsdesignedexplicitly to testVOC reactivity scales

Figure 6. Boxplotsof thecalculated
(a) netreactivities(NRs)and(b)
normalizedreactivities(RATs) across
cities(96).Themedianis represented
byahorizontalline. Theedgesof the
boxesrepresentroughquantilesin
thedata.Horizontallines represent
theextremesof thedata,andoutliers

arerepresentedby stars.
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(41,52,53,60,72).Although the improved SAPRC-93 mecha-
nism (see Table4) is still underdevelopment,a transitional
version was used(40) to comparehow well the mechanism
couldsimulateresultsofthe previousMfl exeriments.

Figure 7 showsa comparisonof~ andMOB (relativeto
the standardexhaust)calculatedwith the SAPRC-90,arecent
version of the CB4 (with minor updatesconcerningperoxy
radical reactionswhich do not significantly affect ozonepre-
dictions(106,107)),and the updatedSAPRC-93 mechanisms.
Other than the mechanism,the scenariosand calculation
methodologiesare the same(107). The most conspicuous
differenceis for toluene,for which the developersof the CB4
addeda speculativereactionso model simulationscould accu-
ratelypredicttherelativelylow maximumozoneyieldsinsome
toluene—NO~outdoorchamberexnerixnents(105). Thisreac-
tion is notincluded in the SAPRC-90mechanism,nor is it in

• the CB4 mechanismfor xylenes.This causessomewhatlower
• MB reactivitiesfor tolueneand causestoluene to be nega-

tively reactiveat the lowerNO: levelswheremaximumozone
formation occurs. (The SAPRC-90 mechanismalso predicts
that toluenebecomesnegativelyreactiveat low NO~levels,but

• theNO: levelsmustbemuchlowerthanisthecasewithCB4).
In the caseof xylenes,where the CB4 lacks this speculative
reaction,the Mm andMOB relative reactivitiesagreequite
well. The somewhathigher CB4 formaldehydereactivity is
believedto be primarily causedby agreatersensitivityof the
CB4 mechanismto radical input processes,ratherthan by
differencesin the formaldehydemechanismitself. Exceptfor
the internalalkenes,the differencesin reactivitypredictions
betweenthe SAPRC-90and the SAPRC-93 mechanismsare
relatively minor. However, the SAPRC-93 mechanismdoes
not incorporaterecent modifications madeto the aromatic
mechanismsbasedon results of recentenvironmentalcham-
ber experiments,and other updatesto the mechanismare
anticipated(76).

More systematicstudiesofthe effectsofmechanismuncer-
taintieshavebeencarriedoutusingairshedandbox modelsto
exploreto whatdegreeuncertaintiesin chemicalrateparam-
etersaffect the calculatedcompoundreactivities (84,87,96,
101—103).Monte Carlo analysishas beenusedwith Latin
Hypercube Sampling to calculate reactivity uncertainties
(84,102).Computationalrequirementswerereducedby using
a singlesetoftrajectoryconditionsthatweredesignedtogive
results closeto the MIRs (23), which were averagedresults
from the39 modeledtrajectories.Uncertaintyestimateswere
compiled(108) for all rate parametersof theSAPRC mecha-
nism,largelyfrom concufrentreviewsof kinetic data(65,109).
Resultsareshownin Figure 8.

Uncertaintyestimates(laO rangefrpm 30% to 50% of the
meanMB valuesfor mostcompounds.Theestimateduncer-
tainty in the predictedpeakozoneconcentrationfor the aver-
ageMB simulationconditionswas about30%, relative to a
meanpredictionof —0.15ppm 08.ForpredictedO~andMBs,
themostinfluential uncertaintiesarethoseinrateparameters
thatcontrol theavailability ofNO: andradicals(84). ForMBs,
uncertaintiesin therateparametersofprimaryoxidationreac-
tions,orreactionsof stableintermediates,are alsoinfluential.
Uncertaintiesin manyrateparametershavesimilareffectson
thereactivities of various compounds,sothe resultingMTRs
are stronglycorrelated.For example,an increasein the pho-
tolysisratefor NO2 increasesthe reactivityof mostspeciesby
aboutthesameproportion.Thus,therelativereactivityof one

speciescomparedto anotheris notaffectedasmuchas theab-
soluteMfls by uncertaintiesin rateconstants(84,102).

For further mechanismevaluation, the box-model rate
constant uncertainty studies weit extended to a three-
dimensionalmodel uncertaintystudy (87). After the most
influential rate parametershad been identified through
Monte Carlo simulations(84), thoseparametersin the Cr1’-
890modelwerevariedby twicetheestimateduncertainty,and
the compoundreactivity simulationswere then recalculated.
Resultsof onemetric studied(spatialexposure)are shownin
Figure 9. This analysis,again,foundthat relativereactivitjes
haverelativelylow sensitivitiesto rateconstantuncertainties.
The implication of this result is further demonstratedby
consideringuncertaintiesin sourcereactivity quantification
andRATs.

Uncertainties in Emissions Compositions

Emissions compositionuncertaintieshavebeen cited as a
majorconfoundingfactorin theuseof reactivityweightingfor
ozonecontrol.To addressthis issue,the previouslydescribed
box-modelanalysiswas extendedto look at emissionscompo-
sition uncertaintiesin addition to mechanisniuncertainties.
Exhaust emissionsfrom selected fuel/vehicle combinations
developedin theAuto/Oil Air Quality ImprovementResearch
Program(AQBP) (110), were used to calculateRAPs and
associateduncertainties(101,102),againusing Monte Carlo
simulationswith Latin Hypercubesampling.Uncertaintiesin
the exhaustcompositionswere estimatedfrom the variance
andcovarianceof emissionsof eachcompoundacrosstheve-
hicles that theAQTRP studytestedon agiven fuel. Emissions
of eachcompoundwere then treatedas correlated,normally
distributed random variables.Results of RAP uncertainty
calculationsare shown in Figure 10 for exhaustemissions
from prototypeflexible and variable-fuel vehiclesoperated
on M85 comparedto exhaustemissionsfrom passengercars
operatedon industry average gasoline. The mass-based
RAP for the AQIEP M85 exhaustcompositionhas a mean
valueof 0.49 with an uncertaintyof 17% (lo- relative to the
mean).Comparedto the degreeof uncertaintyin theMIRs for
formaldehyde(32%)andmethanol(48%),theRAPuncertainty
is significantly reduceddue to interspeciescorrelation.This
reductionin uncertaintyis evenmore pronouncedfor RATs of
fuelssuchas reformulatedgasolinethathaveexhaustcompo-
sitions closerto thatassociatedwith conventionalgasoline,as
showninFigure 11.

To furtherexaminetheroleofvariationinemissionscompo-
sition acrossfuels,variancesofRAPswerecalculatedusingex-
haustcompositiondata(92,111,112)for four alternativefuels
andstandardgasoline.The dataconsistedof massfractionsof
VOC exhaustfrom transitionallow emissionvehicles(TLEVS)
for eachexhausttype, and the mass fraction’s associated
standarddeviation.Variancesof the RAPs for eachfuel were
calculatedusingtheDeltamethod(113).Eachfuel’s RAP was
calculatedas the ratio of two normally distributedrandom
variables. lvlffi values were calculatedbased on the aver-
age MB scale. The results are shown in Figure 12, which
displaysthe 5th, mean, and 95th percentilesof eachfuel’s
RAP value. Comparisonof Figure 12, which has only one
degreeof uncertainty,with Figures10 and11, suggeststhat
muchof the uncertaintycomesfrom thecomposition.Exhaust
emissioncompositionsare derived from a small numberof
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Figure S. Meanvaluesand1o uncertaintiesof Mifis for selectedorganiccompounds,
ascalculatedfromuncertaintiesin kinetic paraneters(84).

testson a small numberof vehicles,particularly for theAFVs
(92,111,112).Further,thereis relativelylittle informationon
the effectof deteriorationon the speciesemitted.More tests
acrossawiderangeofvehiclesarerequiredto bettercharacter-
ize theimpactof uncertaintyin fuelcompositionon calculation
ofRAPs.

Additionally, automobilesourceemissionsare betterchar-
acterizedthanmostothersources.Although lack of detailed
knowledgeon the emissionscompositionsof varioustypes of
sourcesdoesadduncertaintyto controlstrategydesign,regu-
lations that explicitly credit industry for emitting less reac-
tive compoundscould adda valuableeconomicincentive for
morecompletelycharacterizingsourceemissions,particularly
for the largestemitters.This has alreadybeenthe case for
automotiveemissions.Thisemissionscompositioninformation
would be useful for betterevaluatingthe efficacyof conträls
andfor otherstudiesthatdependon anaccurateknowledgeof
emissionscompositions,suchas receptormodelingstudiesto
helpcharacterizeemissionsinventories.

OZONE REDUCTION THROUGH CONTROL STRATEGIES
BASED ON VOC REACTIVITY

It hasbeenrecognized,primarily dueto alternativefuelstud-
ies,thatchangingthereactivityofemissionscouldhavepositive
air qualityeffects.Thisconcepthasbeencarefullyconsidered
for regulatoryapplications,andhasresultedin theimpiemen-

tationofthe CaliforniaLEV/CF regulationsfocusedon ~lterna-
tive transportationfuel use.A numberof reactivitystudiesled
totheseregulations.Theozonereductionpotentialofmethanol-
fueledvehiclesversusCFVshas beencalculatedandpotential
reductionshavebeenfoundof 34%for an85%methanolblend,
and86% for puremethanoLUsinga three-dimensionalurban
airshedmodel,it waspredicted(99) thatpuremethanolfuel use
in theLos Angelesareain theyear2000couldleadto 16%de-
creasesinpeakozonelevelsand22%decreasesinexposurelev-
els if massemissionswereheldconstant.

This type of analysismakesclear that any reformulation
strategiesfor mobile or stationarysourcesshouldaccountfor
thereactivitychangesin thereformulatedproduct.Otherwise,
air quality may degrade.In the surfacecoatingsindustry,
regulationsto reduceVOC mass emissionshave produced
a shift from petroleumVOC solvent-bornecoatingsto low-
volatility organic compoundwaterbornecoatings. Organic
cosolventsare still presentin waterbornepaintsat low total
VOC levels, and includeethyleneglycol, propyleneglycol, and
glycol ethers.It remainsan openquestionas to how reactive
some of thesenewer organic cosolventsare relative to the
petroleumdistillatesusedin solvent-bornepaints(114).

In current practice, the EPA usesa two-tiered reactivity
scale, classi~ringcompoundsless reactive than ethaneas
unreactive, and the rest as reactive. For investigationsof
reactivity, the EPA primarily uses the kOH scale, a scale
basedon OHrateconstants.However,as discussedpreviously,
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‘this approachignoresthemechanisticaspectsof ozoneforma-
tion, becausetheinitial kOH reactionratemaynotaccurately
reflect subsequentphotoosidationof products and overem-
phasizesthe role of the most initially reactivespecies. In
conjunctionwith efforts to developregulationsfor VOC emis-
sionsfor consumerproducts,theEPAhasusedthe i\’LtR scale
to classii~rVOCs intothreetiers:negligiblyreactive(methane,
ethane,halogenatedorganics),reactive(primarily alcohols),
and highly reactive (115). However,the EPA recommends
further researchon the underlyingscience,andhas not for-
maiizeda methodto determinetheboundsbetweenreactivity
groupings.

The California air regulatorshavebeenthe most active
state in promulgatingreactivity-basedregulations.CARB
adoptedvehicleregulationsthatare,the first to usea detailed
reactivityscale.Thegoaloftheregulationsis to usereactivity
measuresas a meansto put alternativefuels on an equal
regulatoryplaying field as conventionalfuelswith respectto
urbanozoneformation.

California’s Motor Vehicle Regulations

In 1987, California AssemblyBill 234 createdthe Advisory
Boardon Air Quality andFuelsto evaluateandmakerecom-

N
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reactivity predictionsfrom rate-constantuncertaintyad-

mendationsregardingthe’ necessityand feasibility of using
mandatesor incentivesto facilitatethe introductionof cleaner
transportationfueLs in California. The statute assignedthe
Advisory Board the task of defining low-emissionvehicles
(LEVs) thateitherare fueledwith conventionalgasolineand
meet a hydrocarbonexhaust emission standardhalf that
otherwiseapplicable to light-duty vehicles, or operateon
alternativefuelswithanequivalentor lower impacton ozone.
TheAE234AdvisoryBoard(116)concludedthat increaseduse
of cleanerfuels canbe achievedby adoptingair quality-based
performancestandardsusingfuel-poolaveraging.Thestaffof
CSARB(62) recommendedthat regulationsusethereactivityof
vehicleexhaustasthebasistocomparetheair qualityimpacts
ofvariousfuels.

In September1990,GARB (24) implementedtherecommen-
dationsof the AB234 Advisory Board by adoptingthe LEVI
CF regulations,which introducedRAFs (as discussedprevi-
ously). The California regulationsspeci~rthe useof theM~
scaleto calculatetheRAPsbecauseit wasdeterminedto bethe
mostappropriatereactivity scaleto complementCalifornia’s
NO~controlprogram.Nitrogenosidecontrolsarebeingimple-
mentedto reduceozoneunderconditionsthat aresensitiveto
NO~(generallydownwindof emissionsourceareas),andtheor-
ganicgascontrols aredesignedto reduceozoneundercondi-
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Figure 10. Mass-basedcumulativedistributionfunctionofthe
uncertaintyin the RAF of prototypefIe~ble-fueledM85 vehi-
cles (96).

tions mostsensitiveto organicgases(generallynearemission
sourceareas).TheNRC (2) hasendorsedreactivityscalingasa
validwayto treatfuelsequally.Becauseof residualuncertain-
ties in the chemicalmechanismsusedto calculatethereactiv-
ity scales,the M~scalewill be updatedeverythreeor more
yearsusingthe mechanismbestreflectingcurrentImowledge.

TheLEVICF regulationsrequirevehicle manufacturersto
meetfleet avengeN?VIOG exhaustemissionstandardsthat
begin at 0.250gfmile in 1994 and are progressivelyreduced
to a level of 0.062 Wrnile in 2003. In addition to the LEV
definedby AB234, theregulationsestablishfour otherclasses
of vehicles, with different standardsfor emissionsof NO~,
NMOG, carbonmonotde(CD), and formaldehyde(HCHO).
Transitional-lowemissionvehicles(TLEVs), LEVs, ultra-low
emissionvehicles(‘ULEVs), and zero emissionvehicles(ZEVs)
would certify at 50,000 miles to the standardspresentedin
Table 13. Standardsat 100,000 miles are slightly higher.
Automobilemanufacturerscanuseanycombinationof TLEVs,
LEVs, IJLEVs, ZEVs, and1993 conventionalvehiclesto meet
the fleet averagestandards.A separaterequirementfor the
production of ZEVs begins in 2003. It is entirely up to the
vehiclemanufacturerswhetherto build carspoweredwith al-
ternativefuelsor not. Themanufacturersreceivedareactivity
credit for California’s reformulated gasoline specifications,
calledPhaseII gasoline,thatwentinto effectin 1996.

To calculateRAPs,thefull rangeof organicgasesthatcon-
tributeto ozoneformation mustbe identified andquantified.
Accordingly,thetraditionalnonmethanehydrocarbon(NMEiC)
standardsare redefinedin terms of NIVIOG, requiringthe
measurementof alcohols,aldehydes,and other oxygenated
compounds.As describedearlier, the emission ratesof all
NMOG speciesareconvertedto an appropriatemassof ozone
usingtheMLR scaleandaresummedto estimatethereactivity
oftheentireexhaustsample.Thenewvehicletestingprotocol,
which involves detailed gas chromatographicanalysis of
hydrocarbonemissionsand wet-chemicaldeterminationsof
emissions of oxygenatedcompounds,is generally too time
consumingand expensiveto use in routine testing.This led
CARB to adopt a two-part approachto enforcingthe new
motorvehicleemissionstandards;theRAPsaredeterminedby
speciatedanalysisof emissionsfor asmallnumberof-vehicles,
andthereactivity-adjustedstandardsareenforcedwith more
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percentilesshown)(96).

Table 12. Low-Emission Vehicle ~haust EmissionStandards
for PassengerCarsat 50,000Miles

Vehicle Category Grams/Mileby Pollutant

NMOGa N0 CO ECHO
Current 0.390 0.4 7.0 None
1993& 0.250 0.4 3.4 0.01St
TLEV 0.125 0.4 &4 0.015
LEV 0.075 0.2 &4 0.015
ULEV ~04o 0.2 1.7 0.008
ZEVd 0.000 0.0 0.0 0.000

aNI4EC for currentand 1993 standards,NMOG with rsactivityadjustmentfor

others.6
Equivalentto FederalTier I standards.t~fethanoI.fue1edvehiclesonly.

d Doesnot includepowergenerationemissions.

routine measurementsof total NMOG emissionsfor a larger
numberof vehicles.The procedurefor determiningthe RAP
for eachtype of alternativefuel vehicle is set forth in the
California regulations (24). Manufacturersmay determine
RAPsfor theirspecificenginefamilies in accordancewith this
procedure,or they may usedefaultRAFs establishedby the
ABB. Thelowerlevelsofemissions,andtheadditionalspecies
that needto bemeasured,haveprovidedstimulusfor further
developmentof automatedanalyticalchemicaltechniques.

Although reactivity-basedVOC controls are now estab-
lishedfor motorvehicles,it is notcertainwhethertheyshould
be applied to stationarysourcessuch as coatings,solvents,
and consumerproducts.Although reactivity-basedcontrols
maypotentiallyachievegreaterVOC reductionsthancurrent
mass-basedcontrols,andtherangeofreactivitiesofstationary
Sourceemissionis greaterthan thoseof fuels and vehicles,
therearemanyunresolvedconcernson emissionscomposition,
Mill values, cost, andenforcement.Onecurrentinitiative for
stationarysourcecontrols is an investigationof whethera
reactivityframeworkcanbeappliedto the next generationof
rule~makingfor consumerproductsandarchitecturalcoatings.

— EconomicBenefits

An importantquestionto addressin regardsto the useof re-
activity quantificationin regulationsis whetherits usewould
provideeconomicor environmentalbenefits.A mixed integer
progr2rlmrng approachwas applied to the optimization of
ozonecontrolstrategiesto determineif usingreactivityquan-
tification would provideeconomicbenefits(U?).In thatstudy,
usingemissioncompositionsandcostsfor theLos Angelesair
basin, economicallyopthnizedVOC-basedcontrol strategies
aredeterminedusingtwo approaches:oneneglectingandone
accountingfor thereactivitydifferencesofthemassemissions.
In the first case,an optimized mass-basedstrategyis simu-
latedsuchthatthe totalVOC massreductionsaremaximized

— at eachcost level. Second,a reactivity basedschemeis as-

2 sumedin which the reactivity of eachsource’semissionsare
calculatedandthe ozonereductionsaremaximizedat each
cost level. Resultsfrom the two approachesarecomparedin
Figure 13 for ozonereductionatagivenexpenditurelevel.

Figure 18 depicts the results for the optimization model
acrossdifferent levels of total cost. Optimal reductionsfor
mass- and reactivity-basedsystemsare scaledaccordingto
sourcereactivities.From this graph, it is dear that on an
annualbasis the reactivity-basedsystemachievesthe same
ozonereductionsat a lower total cost than the mass-based
system.Forexample,at control costsof $15 million peryear,
the ozonereductionachievedusinga reactivity-basedscheme
is about twice that achievedunderthe mass-basedscheme.
As control costs escalate,the two methodsconverge,because
a greaterproportionof all sourceswill be controlled in both
cases.Up to control levels of about25% of the total control-
lable emissions,the reactivity-basedschemegives notably
greaterozonereductionsfor thesamecost.Thegraphdoesnot
convergeat zero becauseof theinclusionof acategorywith a
negativecost-effectiveness.CARD estimatedanegativevilue
of cost-effectivenessin this casedue to anticipatedsavings
from reformulationof a particularcoatingsprocess.Further
economicbenefitscanaccrueovertimeas control techaologies
are developedspecifically for reactivity adjustment.Cities
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that can best usesuch strategiesinclude thoseareaswhere
ozoneformation is VOC-lintited,asis suggestedis thecasefor
the coastalCalifornia cities, Phoenix,and Chicago.Another
applicationof reactivity quantificationto lower total control
costsis asabasisfor VOC emissionstradingbetweensources.
Without a sound foundation for quanti~~ingthe impact of
one source’s emissionscomparedto another, it is difficult
to ensurethat a VOC tradewould not adverselyaffect air
quality.

The useof reactivityadjustmentsincontrolstrategydesign
allows a new avenuefor air quality improvement.Reactivity-
basedcontrolstrategiescanincludeeconomicincentiveswhich
would ensurethat reformulationwould lower reactiveVOCs.
and improve air quality. Today’s mass-basedregulations
creditindustryfor reducingtonsof all VOCs, ratherthan re-
ductionsin the mostreactivecompounds.A hiddenproblemin
reformulationregulations,familiar to thesurfacecoatingand
consumerproductsindustries,is that althoughthe reformu-
latedproductmayemit less massof VOCs, thecompositionof
the emissionsmayleadto greaterozoneformation.Thus,the
cost to reformulatemay not necessarilypay off in improved
air quality. By creating a regulatorystructurethat would
promote selective control of VOCs with higher reactivity,
reformulationandothercontrol technologiescanbeevaluated
anddevelopedwith respectto tradeoffsbetweenreactivityand
mass of emissions,leading to pollution preventionthrough
morecost-effectiveprocessandproductdesign.

As discussed,thereare a variety of economicandenviron-.
mentalreasonsto useVOC reactivity. What is lessclear are
theregulatoryburdensthis mayentail.Forexample,account-
ingforreactivitycausesagreaterneedto knowthe composition
of emissions,which has an associatedcost. Referencemeth-
odswould needto be developed.Further,assumingthat the
compositionis determinedby the sourceindustry, regulatory
oversightmaybe challenging.Issuesregardingindustrialse-
crets(eg, product compositions)havealso beenraised.These
questionsshouldbe addressedin conjunctionwith the imple-
mentationof anywide-rangingreactivity-basedpolicy aimedat
reducingurbanozone.
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